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FOREWORD
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Department of the Lockheed-Georgia Company during the period February to November
1971, with Mr. M. C. Campion as Program Manager and Principal Investigator. Major
support was also given by personnel from the General Structures and General Aero-
dynamics Departments. In addition to the authors .named, the contributions made by
Mr. E. J. Boteh (materials data), Mr. W. J. Huggins (operational data) and Miss B.
R. Thompson (programming) are freely acknowledged. Mr. George E. Muller of
AFFDL (FBE) was the Program Monitor for the Air Force, and his encouragement and
assistance are also acknowledged.
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SMN 311. The report was submitted by the outhors in November 1971.

Pub;catioo of this report does not constitute Air Force opproval of the report's
findings or conclusions. It is published only for the exchange an ' imulation of ideas.
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ABSTRACT

The proposed reliability-based static strength criteria system described in AFFDL-

TR-67-107, Volumes 1-!1, was reviewed to determine the data requirements

and availab.,Ity, the implications of such an approach on the structural design

process, methods by which implementation can be achieved without discontinuity,

and necessary changes to specification and handbooks. Volume I describes the

studies made using data for the C-141 cargo transport. Volume II describes the

findings and inclu,.s five appendices. The principal conclusions are that insufficient

data exists for the imminent implementation, but that studies of the relative reliability

of different configurations and components or of different conditions at the same

location would povide a short term means of using the system to gain familiarity

and confid, ce.
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SECTION I

INTRODUCTION

Many attempts have been made to achieve the realization of techniques for applying

reliability methods to the definition of structural strength. The most comprehensive of

these was prepared by Innes Bouton and others and is described in AFFDL-TR-67-107.

The three volumes of that report of that report discussed previous methods and derived

proposed methods covering both time-independent (static) and time-dependent (fatigue)

strength.' The full range of interactions with non-structural, operational, executive,

and contractual areas was discussed.

The study described in the present report was aimed . reviewing the proposed method

for applying probabilistic techniques to the assessment of static strength reliability.

This review was to identify the d0to requirements of the proposed method, the

necessary changes to specifications and design handbooks, the interfaces with non-

structural design areas and the steps to be taken during implementation of the method.

(Repeated from Volume I.)

I-,:
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SECTION II

SUMMARY

A clear understanding of the various operations incorporated into the proposed static

strength reliability analysis of AFFDL-TR-67-107 is necessary to its successful imple-

mentation. Section III provides a simple worked example which illustrates each step

in turn using, first, dummay data and then realistic data. The categories of required

data ore defined.

-' Sections IV through IX discuss each category in turn, by means of studies of data

pertinent to the C-141A cargo transport aircraft. Section X then summarizes the

findings in the form of a trial application of the method to the wing of the C-141A.

Sections XI and XII discuss, respectively, the updating of the dote to reflect the state

of knowledge at eoch stage during the design and operational life of o vehicle, and

the form in which the required dote might be stond rdtted.

Specific steps reovirJ to ochieve the shot-tfrm aQnd long-term implementation of lhe

0method ore described in Section XIII, and the noceswry changes to existing MIL-A

specifications and AFSC Design Hondbooks ore suamneri-ed in Section XIV. Soa5i5al

XV cnntoins the conclusions and recommndoeionsr sulting from the study.

Five oppendiceas follow the min iext, Appendiz i outlines o fieci lqu for the use of

bi-odla (doublo-fomi IY) stotisticol distributiuxs; the Gumbel distribtion of extremes

is employed as on example, but the method is valid For o r nge of tiotisticol distr;bu-

tions. Appendix 11 contoins the basic equations of the computer pwogrom used in the

study; this us" double-family Gunbel distibutions, o constant cokulotion interval,

and employs 8 oyes' theorem to incorparote the effects of test rewul's, but is oth rw-s

similor to the original progrom; many of the inteermediote tareis are, howv.er, printed.

Appendix III describes the progrom, its input requirements and operation.

Appendix IV contains seiple runs mode with the program, and Appendix V shows the

analysis of load cmd streeogth dao using double-fomily repre ontotions.

(Repeated from Volume )

.... 2



SFCTION XI

UPDATING OF DATA

11.1 Introduction

Reference 1 stresses the continuous nature of tke process of establish-

ing the structural reliability. The specific items to b6e updated ore

described in this Section, -A ith the practical means of doing so described.

11.2 Data Items

The three fundamental date categories ore:

a load spectrum

a error function

o strie-ngth distribution

-nd each will change periodically during, the totol lifetime of a spocifkC

oircroft. The potticular poinit ot which dato revisions ore m4xt likely,

od which pemit ptogrsively up dated reliability estimation, ott:

o Initial Demignt Stage

o Dotoif crsign Stood

o After Detoil Design, but before Staic Testing

o After Static Testing, but botot Design ,ovision

Fnal Oistkgn, but before Opertion

o Oudng Operation

Each is discussed separately below,

II .3 .e visionipses

o. Iniil Design

During initial desin, the load spectra mtt be bawed an assumed

utilization, assumfed airodyno0mic and inertia distributions over

the airfrome and wsurmed probabilities of octcurremce of different

condif ions Ani errcr function canrt abitrarily 6e selected Iron one

oi moe "staard set", or can be based on post test exiperience
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within the particular company. Strength distribution data will

be selected from the chosen material data, with, advisedly,

allowances for the effects of fabrication and assembly which

reflect any unconventional features. Predictions can be made

of the reliability, assuming values for the various parameters.

b. Detail Desjn

By the time that the detail design stage is reached, some additional

information will generally be available. Revised load spectra will

hove replaced the preliminary data; some component test data will

usually have been accumulated, particularly for any novel design

features, and will permit a revised error function to be selected.

If new construction methods are proposed (f steners, soy, then

sufficient test dota wilt perhops be available to indicate the

variabilit) of th process and so to pernit revision of t* stren gth

distribotion, A secon4d set of eliobility estimates is possible.

C.. Befotre Static Tesing

A#tshe and of 16e detail design siav-* but befotie static trtkg.09

a third set of rellability estitatos con We calulated. This

wilt rieflect any additorci doa 9athered -up to this itpar-

ticuloay in then distribution areo, The toliabiliity

predictioni will re'roin based on ossumsed test resuth.

d. After Stalk Tting

The stdtic test resuits will ioe o.e o1 two cOfects. Either

.. e &etign Cool will hov be e-, met, ' • confirming the pio-

dictics, Qi it will not hve been mft. In the latter eent,

two couns of action o ponsible: rewtsign will be p erfomed

in the failed -egiens, fepr"ming o-Iusher iteration, ow the

design and operting co ditiom will be revised to corrcpond to

achieve.nent a a lower loading at the original reliability, or a

lower reliability o the ariginol Ioad.

i-



e. Final Design

After any redesign or re-analysis has been completed, but before

the aircraft enters service, a further reliability assessment Lon be

mode. This will still be based on assumed utilization and assumed

load 6istribution data, but will reflect all strength data accumvlated

up to this time .

f. During Operation

Operational data will be appropriate to two distincl types of revision

of the reliability estimate. The first is the obvious one A, permitting

realistic load spectra to be formulated, and the second is a very

important one which is usually overlook.ed. Each flight -'xperience of

a prtiula lod s a oditino t*st o tat l ew I . Now, it

has been shown that the influence of testing to low lod leveli is

insignificont, but eac6 and Qetry oirctof? that erieces a high

load level provides o iurfher doto prcmnt vhich odds to the

Kn~owledge requifed to nir'dict a better mlilidiity,

Poriodic updating con be perfaod as doto is aicluulaod;

this should nol be too fmeunt, fot (mcoi toos, and

diefetmination of Ome apptopflote tinos wilt depen'd 0 o ividuol

2il r4Oort ivol, W~tt Recotding

0.* Ome of the gmreatt otential areos ior acquiring new an better

%trtzctuvai design doto liet within the Air Fcrte's Aircraft $It c-

turol ngrity Program, ASIP. As a port o~f the ASIP, Nith aircah
.sitem' roust hove on lodividal Airctoft Sert ieMntig

Progranm, IASLMPt ottd as a ;nrt of the IASIAP for the more critical

systerms, o number of aircraft in mich fleet is to be equipped with

Multi-Chonnel lRecocdeas (&A-CR)..



The need for multi-channel recorders has been a recognized part of

Air Force planning for at least ten years. Some recorders have even

been developed cnd used with varying degrees of success, but with

limited applicability. Starting in 1968, the Air Force laid plans

for a new and more universal recording system. The AFLC, through

its several AMA's, gathered data on the type of information needed

to effectively carry out the IASLMP's on a wide variety of aircraft.

These data were synthesized by ASD, along with other known and

projected requirements, to prepare a set of recorder specifications.

In June 1970 ASD, under the auspices of AFLC, let a contract to

develop a new 24 channel digital recording system and a ground

playback unit. That system is still under development at this writing.

A unique feature of the new system is that a single basic recorder

unit will be suitable for all types of aircraft. To accommodate

peculiar requirements of different types of aircraft, the system in-

cludes development of four different converter/multiplexer units,

each of which is compatible with the one recorder module. Current

plans call for the initial production of about 140 recorder systems,

with a contingency buy of approximately 140 additional s) items.

A portion of most "first-line" aircraft fleets (rarging from about

5 to 20%) are tentatively scheduled to receive the recorders,

with t0 st installatioii starting in late 1972.

.. One of the majur objectives of the multi-channel recorder

program is to provide a better tool by which to accomplish

structural fatigue tracking. In fact the entire program to

date has been oriented toward - and largely justified by -

the structural fatigue problems. However, because of the

high commonality between the data needed for fatigue design

or tracking and the data required to develop new statistically

6



TABLE XIX

PROPOSED LIST OF MULTI-CHANNEL RECORDER
PARAMETERS FOR THE C-141.

NO. ITEM NAME

1. T Clock Time

2. H Pressure Altitude

3. Ve Equivalent Airspeed

4. Nz Normal Acceleration at C.G., g's

5. N Lateral Acceleration at C.G., 9's

6. 0 Pitch Rate

7. V Yaw Rate

8. Elevator Position

9. Sr Rudder Position

10. Sf Flap Position

11. V Ground Speed9

12. Nose Gear Steering Angle

13. Strain at Location I

14. Strain at Location 2

15. 'r3  Strain at Locaticn 3

16. ',4 Strain at Location 4

17. as Strain at Location 5

18. AP Cabin Pressure Differential

19. Wf Total Weight of Fuel

20. S.S. Squat Switch Make-or-Break Signal

21. DD1 Date

22. DD2 Serial Number

23. DD3 Base of Assignment

24. DD4 Initial Cargo Weight or Cargo Update

25. DD5 Total Initial Fuel Weight

7



basedstrengthdesign criteria, this 1-tter area will inevitably

benefit. A sez.ond stated objective of the Multi-channel recorder

program is to accumulate data for use in the structural design of

future aircraft systems, The opportunity offered by this object*ve

is obvious. After the recorder installations are made and records

accumulated for a time, certain of the data on each aircraft systam

will "mature" to the point that further recording produces no new

intelligence. When this happens the recorder program can and

should be redirected toward goals that are allied more specifically

to the statistical strength criteria. A hypotheiica! example of such

a switch is given in the second following paragraph.

c Since the C-141 has been used for illustration in other sections of

this report, the same theme is followed here . Table XIX shows the

list of parameters that have been selected by WRAMA for the M-CR

program on the C-141. Each of these parameters - either singly or

in combination with others - is believed to produce something of

value either directly in a contemporary fatigue tracking process,

or in the derivation of new fatigue criteria, or both. Several of

these parameters should be useful also in deriving new statistical

strength design criteria. For example, normal acceleration at the

center of gravity, NZ, is a valuable parameter in its own right

since it is a direct measure of the gross symmetric response. When

Nz experience is properly sorted by weight, speed and altitude,

subsequent peak counting of the data provides the type of statistical

distributions required in the determination of strength levels. A

further refinement is attainable by a joint analysis of N with

elevate,, deflection. Besides allowing a separation of symmetric

gust and maneuver responses, such an analysis should also afford

the collection of good statistical samples of abrupt pitch maneuvers -

an important design area about which little is known for cargo aircraft.

8



In a similar manner N can be sorted and peak counted for use
in lateral load predictions, and it can be jointly analyzed

with rudder deflection to fill the gap in knowledge about abrupt

rudder kick maneuvers.

d. One other illustrative example is worthy of noting here concerning

possible future direction of the M-CR program. If the C-141

program is successfully implemented and prosecuted, certain of the

parameters will attain a statistical stability after which they need

not be recorded full time. The resulting surplus of recorder capacity

may be used effectively to fill knowledge gaps such as that concerning

the phasing of PSD loads. In gust analysis current PSD methods allow,

for example, a fairly precise, but separate, determination of shear,

bending and torsion at a given structural location; but the phasing

of these three vectors in a deterministic strength analysis is largely

a guessing game. The addition of strain gage clusters or rosettes

at selected stations could provide real IV, samples of the amplitude

and frequency relationships among two or more load vectors. Data

such as these will be essential in future designs in order to express

applied loads and structural strength in a common set of terms.

e. In summary, the multi -channel recorder program(s) is viewed as

havinr, great potential in gathering data for use in applying the

new structural reliability concepts. In particular, statistical

information on loads and the loads environment will be developed

in both the volume and detail necessary for a rigorous statistical

load analysis.

9



SECTION XII

STANDARDIZED DATA

12.1 Data Categ0:ies

a. The proposed probabilistic system of criteria is intended to
provide desired structural reliability levels for normal operation

and for a reasonable degree of overload. The basic concept is

that th statistical variations of load and strength are jointly in

corporated into the risk assessment. A convenient approach would
be provided by charts relating the required design and test factors

to the reliability levels in terms of parameters describing the load

strength distributions, the error function and the number and type
of tests.

b. The study described in this report reveals that the "demon.trated"

reliability is indeed a function of all of these parameters. Further-

more, simultaneous consideration of both normal (limit) and overload

(omega) conditions will seldom be possible because the permissible
load level (streng will generally be different. Each structural

location will require separate analysis, due to the fact that both
the load and strm. gth distribution will differ from point to point,

12.2 Load Data

a. Theoretically, it would appear possible to develop a single load

spectrum for each location, which would contain the total load

occurrence properties for an aircraft lifetime. the statistics required
to achieve this goal are not available, even on aircraft which have

accumulated extensive operational experience. For example, in-

formation is required on the probabilities of

1) weight and weight distribution

2) speed and height

3) type of load condition (gust, pull-up, rudder
kick, etc.)

4) level of loading (in terms of a basic parameter)
5) time history of loading (to describe the local

loading)

6) associated load systems (pressure, thermal gradient,
etc.)

10



and these probabilities are clearly not independent, so that

the resultant probability of each combination is needed.

b. Some degree of standardization may be feasible, even if it

is more arbifrary than statistical in origin. For example,

gust velocity descriptions are already employed in fatigue

analysis and would be directly usable. Normal load factor

spectra exist in a suitable form in existing criteria (reference 2)

and these distributions can be regarded as standard for the

appropriate category of aircraft and the appropriate type of

mission.

c. Many of the remaining areas require extensive data collection

and analysis. This is particularly true of the asymmetric flight

conditions whk... are of increasing significance a sweepback

increases and aspect ratio reduces.

d, For the initial use of the proposed system, one possible mons

of filling the void would be for en assumed set of data to be

derived from what data can be assembled. Such syn'thetic

"statistics" must be regarded as artificial, but would at least
permit comfarison of different aircraft, different locations on

the s=me aircraft or different structural designs of the same !ace-

tion.

e. The necessity for an adequate probabilistic predction of the
utiltotion of the aircraft becomes as great as in fatigue analysis.

However, in addition to the ovearage or typi ol conditions for

eoch segment of the mission profile, 't will be neces-sary to

derive (or osume) the sh" and disprsion about this mean.
Without this detailed levei of data, no realistic 4wtinwte of

the risk of failure can be mode; the alteroat;ve is to ignore

the probability distribution of the loads, to assume a known

certain load and to bate the reliobility estimate solely on the

variation in strength. While this may be conservative, it negates
most of the advantages implicit in the proposed method of reference 1.

i~i ,I
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12.3 Strength Data

a. Extensive material strength data already exists as the necessary

means of establishing the published design ollowables. Although

the allowables themselves represent only one discrete point in

the distribution, the required data should be accessible; the form

of data required consists of the mean and standard deviation and

the shape of the distribution to be used. For reliability analyses,

it should be remembered that the lower tail of the distribution is

most important in the assessment of the risk of first failure (mean

time before failure estimates are not appropriate), and distributions

must be chosen with this in mind. Double-family distributions may

be appropriate (see Appendix 1), and if these are employed, the

necessary material strength dote will generally contain five parameters.

b. Most of the data described above relates to the basic properties of

the material as delivered to the aircraft manufacturer. The structural

strength of the final product will reflect variations imposed by all of

the operations inherot in fabrication and assembly (the time-dependent

effect of service weur and tear is not considered in the context of the

present study, but may need to be examined).

Dato on the strength. of various detail configutations, such as lugs,

fittings, joints, etc. exists in a rondommanner, but usually in in-

sufficient quontity to prvide adequate statistkcal dir-ribution data.
The acquisition of such information is of poramount ipartcnce to

the success of the proposed method.

C. Appendix V gives examples of the analysis of typical samples of data

of material stength and 'oints. hese ieveol that the conventio oI

.ssumption of nomal distributions may not be desirable, ond that

better r.orrelation with observations con be achieved with skewed

distributions (either single-fami ly or double-family).

d. Two approaches ore possible for the derivation of the required infor-
mation on the sItength of fabricated structures. The first it,volves the

separate assessment of the basic material propo ties and of the affects

of fabrication, the two being subsequently combined to give the

resulting distribution (the computer program of Appendix 11 provides

this facility). The second approoch involves only the statistical

12



analysis of large numbers of identical components to assess the

resultant strength variation directly, without attempting to ascertain

the contributions due to the separate causes.

Since so much material data exists, the first approach recommends

itself, but a deliberate effort is required to determine the effects of

the various fabrication and assembly operations in statistical terms.

12.4 Error Functions

a. The importance of this function has been illustrated in Sections III

and VIIL The formal recognition of the probable discrepancy between

the intended strength and the actual achieved strength is perhaps

more important than the particular function used, since the use of

Bayes' theorem tends to be self-compensating once the necessary testing

is performed. The function describes the discrepancy (however caused,

whether by design errors, design tolerances, deliberate under-design,

quality control errors or fabrication and assembly errors) in terms of

the distribution of the probable mean strength of the design.

b. Section VII describes four typei of function suitable for the definition

of the probable discrepancy. While the usa of some standard function

is possible, It does not permit the recognition of the experience of a

particular constructor with his own policies and practices. Comments

on the four types of function are:

1) The .Ablecki function, as used in reference 1, uses static

test data from the 1940 period (reference 3); it Is implicitly

assumed that the ratio of test strength to design strength des-
cribes the retio of meon strength to ,ntended mean strength,

but it is equally apparent that no account is token of the

probability that the test article was weaker or s onger than

average.

2) Freudenthal, in reference 4, attempted to update the Jablecki

data. The relevance of the data used is not altogether clear;
the comment Is made that the results are representotive of current

pra tice, yet data are included for aircraft of the pre-1950 period.

13



3) Both of the above functions are most easily used by

basing the constants on a curve-fit at two selected
points. The same concept can bc employed using the
Gumbel distribution of minima instead of the Bouton-

Joblecki equation (linear log-log relationship) or
the Freudenthal exponential function. Any other suit-

able distribution can also be employed.

4) The fourth type of distribution is the double-.family dis-
tribution described in Section VII. This technique may

be the most suitable for fitting post experience, or for
permitting recognition of the additional risk of design

error when a radically new type of construction is being
employed before the required analytical tools have been
fully developed.

c. As will e shown later, using the single-ramily Gumbel distribution
of varying dispersion, the degree of dispersion (coefficient of
variation) has relatively little influence once the test results have
been Incorporated. A relatively low risk would probably be intro-

duced by the adoption of a standard error furtion.

12.5 Pre5entotion of Standard Data

a. Loads Data-

1) Standard load spectra expressed in terms of some design
value (such as NZ ) and of a given shape con be pro-

Max
sented in tabular form as in reference 5.

2) Mission profile and utilization data may be standardized
for particular aircraft or mission types, ,iu will probably be
best defined for each system as purt of the specification.

3) Doto determining the combinotions of mechanical and thermal
conditions, the combinations of pilot and auto-control action,
and the combinations of external (gust, say) and internal (sub-
system) effects cannot be standardized and must be derived in
probabilistic terms for each specific design. In many cases,

14



this will not be possible during the design phase; some

standard arbitrary distribution of effects may be appro-

priate in this phase for describing the prubabilit'es of

engine failure, auto-stabilizer runaway, cabin pressure

malfunction, etc.

b. Strength Data:

1) For each type of basic material, the present system of

discrete design allowables must be retained for association

with the design loads to permit the physical sizing of the

structure. The values need not be the present "A" or "B"

values per se, but the retention of these is obviously ad-

visable.

2) For the reliability calculations, the mean and standard

deviation (or coefficient of variation) is required. These
data are not generally as readily available.

3) In addition to material data, the statistical effects of

fabrication and assembly ore required. Typical values

for the various processes (rolling, stretch-forming, machin-

ing, etc.), for various jointing methods (riveting, bolting,

welding, bonding) and for the actual assembly process

(fitting stresses) will be required, and can be presented in

tabular form.

c. DesIgn and Test Factors:

1) For any given set of the other p-arometers, it is possible to

derive relationships between the design foctor the test

factor and the reliability indicated by the test result. Two

basic osiumptons will sinplify the posentation in different

woks. The first requires the adoption of a constant design

factor (say 1 .5), bu? varies the test factor to the value re-

quired to "demonstrate" the required reliability. Typical

relationships are shown in Section IX.

15



2) The second alternative, which may be simpler in form
although less versahie, is to assume the design and

test factors to be equal. This retains the concept in

the current system, but must not be interpreted as having
the some moaning.

3) Since the "demonstrated" reliability is a function of the

load spectrum, the error function, the strength distribution

and the number of tests, it is obvious that a complex set

of charts must result. Fo4 tse particular choice of

o design factor test factoi

o one survivol test

o single-family Gumbel distribution of
maximum load per aircraft lifetime (man
at 100)

o single-family Gumbel distribution of
minimum strength (m") at 100)

o single-fomily Gumbel distributlon nf
efror Noew- at 100), whete erfqr tis theratio of hved m-an storngth to in-

tended mew- strenth

the curve% tJown in figute& 75, 76, and 77 tow the

manner in which the factor can be- chosen to realize a
defined reliability.

4) Figure 75 shows tw reliabilitles (A) etorY -emdirg to
vohiatio. in 4is Iood iaersion i V coefficient 01

variotion Of the di~tr'~14jian of ma;"o load 4 i

the doesign ard test focto. Sepom€*r catpet plott ate

show-n for three levels of error diwrsion (E,), bko show
little variation with IVI Al! three caopets ore iotr ttelth

coefrcient of varioti" (SV) of 0 04, vid fot o" suovival
test, A series of plous of this type cen be derived for each

" trersgth distibutieon (for teh material type and construction

type) .
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5) Figure 76 is a similar series of plots, but the var, ion

in each carpet is with the strength coefficient of varia-
tion (Sv). The complete set is for a given coefficient of
variation of maximum load. (LV 

= 0.04). The influence
of the error coefficient of variation is again slight. A set

of this type can be derived for each of the standard load

spectra, and used where necessary to guide the choice of
material or construction method suitable for the attainment
of the required reliability.

6) Figure 77 is for a constant error variation (Ev= 0.08). Each

carpet shows the combinations of load coefficient of variation
(LV) and design/test factor and is for a separate strength co-
efficient of variation (Sv). This form of presentation is probably
the most useful in the earlier design stages, when the design

iteration process is being applied to determine the layout and
m,'mber sizes. The example (figure 77 ) illustrates the im-
portance of the strength variation, implying for example, that

a reliability of 0.9999 cannot be achieved with strength varia-
tions exceeding about 0.06, unless very high design/test factors

are used.

7) Figure 78 Ilustrates the associated probabilities of surviving the
survival test. This quantity is independent of the load spectrum,
and for the chosen equality of design and test factor, shows

surprisingly little variation with the strength or error le 3k.

2
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SECTION XIII

STEPS TOWARDS IMPLEMENTATION OF THE PROPOSED SYSTEM

13.1 lIntroduction

a. The proposed system of probabilistic criteria, aimed at providing
the desired degree of static strength reliability, offers several

advantages over the present deterministic system. Nevcer;helees,

it is necessary for the essential features of the system to i~e intro-

duced in a m--,ner which assures continuity with the p ; ,ent system.
A two-stage process is suggested in this Section. InitAlly, there

will be insufficient data available to implement the total aim of

establishing a single reliability figure covering the entire life of
the fleet; however, even restricting the calcuations to those flight

conditions for which data is available will serve several useful

purposes.

b. There is an inherent resistance to new methods, especially when

the existing techniques appear to be adequate. Familiarity (with

the old) breeds contempt (for the new). This is particularly true

in this context, since the proposed method requires a radically

different interpretation of testing. Furthiermore, a number of

decisions will be required which must be based on the correct

understanding of the probabilistic processes; since this is an un-

familiar subject t, many of those who will be responsible for the

decisions, it is vital thiat the physical, rather than the mathematical

interpretation of each step in the chain should be kept clear.

c. The use of the method as a means of comer ring the relative risk rates

of various designs, of various flight conditions and of various struc-

tural locations offers an opportunity to achieve familiarity with, and

confidence in the method. It will also encourage the acquisition of

the data required for the eventual implementation of the complete

system.
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13.2 Initial Implementation

a. The establishment of absolute reliability values requires assurance
that every possible cause of failure is considered. As this cannot

be guaranteed, it is proposed that the method be used to establish
the separate probabilities of failure for:

o different structural designs under the some loading

conditions, in order to indicate the optimum means
of securing the highest reliability

0 the same structural location for different loading

conditions (maneuvers, gusts, landing, etc.), in
order to assess the relative risks associated with
different flight cases; it is an inefficient design
which has a high survival rate under gust loads,

but a high risk of failure during landing
o various structural locations under the same loading

conditions; this will orovide a means of early assess-
ment of areas of the structure which will be a poten-
tial source of trouble.

b. In this context, it will be possible to study the influence of sub-
system failures in meaningful terms, so that the overall optimum
can be established for the relative penalties associated with the
addition of redundant circuits, or with the addition of structural
weight to withstand the loads resulting from a less reliable sub-

system. Informotion from such studies will be applicable to the
necessary decisions which involve both structural and non-structural
areas.

c. Interfaces between structural design and structural test decisions
will be studied, sinci- the metho 4 provides info,,nation enabling
conscious trade-offs between test load levels and the probability

of destroying the test speclm,.!n. The necessity for testing to a
particular load level can be s'udted in terms of the reliability
level "demonstrated". The necessity for redesign can be inter-
preted realistically in the some terms.
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d. Sudies of this type should be performed on a number of

existing operational aircraft, us well as on a number of

new designs. This will provide an insight into the relative

importance of various parameters, as well as indicating the

implied reliabilities of existing aircraft for the conditions

studied.

e. It is suggested that these initial studies should be based on

the same limit design factor as was used in the deterministic

criteria system. The interpretation of actual test results will

be in terms of the reliability indicated by the test results.

This will provide the desirable continuity wih existing methods.

f. During these initial stages, it is imperative that every induce-

ment be given to the collection and analysis oF data required by'4

the full method. This must Include:

a load spectra for different conditions

o ptobabilities of different speed-height-weight
conditions

o strength distribution data for basic materials
o strength distribution data for fabricated components

using a variety of fabrication ond assembly methods

o achieved strength versus intended strength doto to
verify the actual discrepancy levels

13.3 Final Implementation

a. It will not be possible to achieve a completely probabilistic

system with any reol meoning until a great deal mowe itatistical

data have been derived. However dosirable a single reliablity
value might appear, the iudgm ent as to what is acceptable will

remain afbitrary. Who con decide logically whether 0.9996 is

occeptoble but 0.99994 is not?

b. Because of this dflemma, it is proboble that the relative risk

ossessment techmiqvo will pro-'e to be worth retoining even when
ol of the necessary data is available. This provides not only a

means of indicating potential sources of weakness; but alto a tool

by which the intended utilizaton con be modified in such a way

as t make the best use of a given airframe.
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13.4 Flight Testing

One further area which would repay study during the gradual implementation
of the system is the relatively high risk associated with deliberate flight test-
ing to improbable corners of the flight envelope. The probabilistic load
spectrum for such aircraft remains at a level of 1.0 up to the maximum in-
tended load, which changes the failure probability from that predicted for
the operational aircraft. Studies of this feature would probably eiiable a
more cost-effective structural flight test program to be devised which is still
capable of demonstrating all necessary conditions at a lower risk of loss.

13.5 Overload Capacity

a. Some part of the present factor of safety has long been recognized
as providing a margin of strength to cater for occaotonal exceedences
of the placarded limitations, The real overload capacity of an air-
frame is, however, for from consistent, especially as the structural
optimization is based on the factored limit load system. A frequent
problem is the solution of the quustion, if a factor of sai'-ty of 1 .5
exists at lad level P, at what load level does the factor of safety
becom1.0 (or 1.2, or 1.3)?

b. Figure 79 Illustrates the random nature of the overload capacity
of the total structure, Suppose the external food, P, at some struc-
tutal location to vary lineorly with the basic pa ameter (Soy Nz),
g.nd to pass through he ort i , as shown by curve A. The unfactoed
limit vltues are N1 and P; with a factur of safety of I.$, the design
-ood is PU 1.5 PL, so that the permissible NZ with a factor of sofety

of 1.0 is sirply NU  5 N.

Now consider th. estence of o supc-irposed leoding indepeandent of
NZ (this might be a CM load system or an internal prenure, fo;

exomple). Curve 8 results ;f this !ocding adds to the original loading.
For the some limit load foctot, NL, the uofoctored load it now P

".d the factored load is °U (factor of 1 ,5), For a factor of safety of
".0 the Permissible W Z isnw N which is lealy greatel thon

the first value, N
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If the superimposed load system relieves the varying load, as
in curve C, the loads P and PU result, the implied overload

C Ccapacity being NUc, which is less than N
C U

Hence, the overload capacity, NU, of a given part is dependent
on both the rate of change of load with loading parameter (NZ),
and on the value at zero load parameter. If the intercept represents
a relief, the ove,-oad capacity will be less than the nominal value,
but if it adds to the varying load, a greater overload capacity will
exist.

c. Figure 79 represents the simplest of all conditiQns, a linear system.
The quantity which reflects the overload capacity will be a local
internal load; in general, this will not be a linear function of the
external load, and the external load will not be a linear functiorn of
any parameter which can be used to define the operational limitations.
It can be stated that the actual overload capacity of a given airframe
varies from one location to another in what is virtually a random munner.

d. The relationship between the limit and omega (overload) design con-
ditions to be used is vague. It must depend on the utilization of the
particular aircraft, and on what is regarded as a judicious risk of
failure. Studies of existing aircraft should be made to assess the
octual patterns of exceedence of limit condition and the actual failure
rates. From such studies, it will be possible to develop trends which
will enable initial crl~eria to be established which represent continuity
with present clrcumsionces.
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SECTION XIV
SPECIFICATIONS AND HIANDBOOKS

14. 1 General

a. The purpose of this section is to identify changes required to

MIL-A-8860 through 8871, MIL-F-8785 and app, iate AFSC-
DH series handbooks to implement the new &4i'.,# method.

Implementation of the new design method as a replacement for
presently acceptable procedures is not possible at this time with
the scant amount of appropriate statistical information which
appears to be available.

b . Several of the previous sections of this report have reported the
avai lability of statistical information and illustrated how it might
be used to develop structural design conditions. In addition, it
is very possible that much more statisticGI data is available for
use in the new method than has been uncovered in this brief study.
Surely, many aircraft manufacturers have in their atchives dato
which is not generally available concijrnlng aircraft they have
designed and built and the Air Force files undoubtedly include
much data which was not available or not necessary for use in
this study. For example, Reference I implies, that F-100
statistics concerning vertical tall loads in operational usage are
ovai lable. However, in this study no verticol tol load statistics

were uncovered.

14.2 MIL-A-8860 Series R~eview

G. To start the implementation of the nlew design method, it is
proposed that appropriate statements be placed irt the MIL-A-886
seies (reference 2) and iii the AFSC-OH series (reference 6)
to allow the use of statistical methods at an option. Then any
requirement for which adequate appropriate statistical data or*
aoaliable can be met through the use of those statistics. Data
and methods to be used would, of course, be subjec I to the op.-
provol of the procuring activity.
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b. In Tables XX through XXIX the latest available revisions
to the MIL-A-8860 series ore reviewed as to applicability of the

new design method at present and in the future, and data avoil-
ability to meet each requirement where the new method is applicable.
Comments are included concerning changjes required to the subject

paragraphs to implement the new system.

14.3 Lropsed Chonjes to MIL-A-8860 Series

0* In this section, octtml *ording changes to tile MI-A.8860 Series
are suggested which allow the use of the new dsigr method as an
option. The approach used results in o near minimum number of
changes and. requires the wse of AFFDL-TR-67- 107 and AFFOL-Th- 71
-178 as guides to irmplementing the system,

b. MtiA-00Q80A(USAF31 Mrh 1971

2.2 Add,-
'"ADFTR-107 QuonOtative Strwctual Design Criteria

Sy Statistical Methods

APVDL-TR-71 -178, lmpiementotlon Studies f%- 0 Ieiabilit -

Bosed Static Strenjtii Criteria Sys~en'

3. Add'
Ls * Ls-h 201 af r togr. 1g t is intenlded that strfutral

ctiftr~io be esta4blished oil a rolional htsis. -Crierio Jailin-
oated in this ipacificat oo *nd teother tptxifications in

tho MlL-A-"~4 'eissalb sduls te rtro
are, detefmined tQ be mnote rational or unles-i the criltia are
foun4i to be inopplicable becouse of the peculiatities of fhe
aircroft une cnidrtin Now crtetio or Aethods Which

are proposed by the Conttoctot %hall be tational and tholl
ba submited to tht IJSAFfo (appovl riot to use in s'ru -
turol dtsign tonvutations. Wwor sufficiet statistical

informationm ate available, consideration tholl be given to use
of the metho-ds of AFFDL-TR-St7-I07 w4AnFDL-P711
to establish factored licrit and overlad (Omekga) deigot
conditions cofnsensueoke with proscribed itructutol reliobility

goals."
29
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3.4. 1 Statistical Methods Where approved statistical methods

are used, separate limit and overload (omega) loading con-

ditions and separate limit and overload (omega) factors of

safety may be derived using the methods of AFFDL-TR-67-

107 and AFFDL-TR-71-178.

3.6 Insert the following after the first sentence-

"Where separate limit and overload (omega) conditions

are derived, limit deformation shall be used with limit

conditions and overload (omega) deformations shall be

used with overload (omega) conditions."

3, I1 Insert the following ofter the first sentence:
"Limit loads and overload (omega) loads shall irclude

applicable factors of safety where statistically uttermined
limit and overlood (omega) conditions ar s4,.

3.12c Add the following:

"For statistically derived conditions, oliowoblo foctor of

safety redtions shall be negothsotd with thc procurtki
..- . - tivhtyM

6.2.1 Add the fo--wing-
-Fer statistitcally derived loading conditions, weighs

may be etaished prot'bilisticolly in ombinotion with

other duesign p v~nes. epi higher ta the tp~i

fled madiao shell be cotnddwd in statistically establish.
Ing overload conditions .

Ad: -6.2.2 11, $gcguiec -istb FcZ statistically derivec
loodJrg canditioni., dpee ry be established prrbobilistco!ly

in combination with a he; dosgn poromaters. Sped higher

nIk thoi commenunote with the 1peifled operationol Ue

of he oitp!ptlo shall be considered in tor~tically esrablishlg

overload (omega) owditios.

Add, " A.5 Stwctvral Pvliobilit , 0006, Whome statistical methods,

of AFFD-TR,67-07 or AFFOL-TR-71-l?8ore used, the occurrence

Of limit and overload (omega) load levels and minimum structural

reliability goals st)WI be in occordance with Table KXX.'
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TABLE XXX

STRUCTURAL RELIABILITY OBJECTIVES

Alrcraft Type fA, F, TF OTU,&BIii11 C

Structural Reliability 0.99 0.999

No. xcl ene of to0

Limit Condition per
Aicraft Lifetime

Pro~Ility of Excee~ng~ 0.01 .1
Omega Condition in Air-
craft Lifetime
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C. MIL-A-QO8861A (USAF) 31 March 1971

3.2 Add:
"Subject to the approval of the procuring activity, the statistical

methods of AFFDL-1R-67-107 and AFFDL-TR-71- 178 moy be

used to establish probaibilistic combinations oi parometers for uie

in the solection of design conditions.t

3.3 Add.,
Oc. Where yufficient Ototistical informotion is available, combi-

notions of weight and load factors roay be establ ished probobi listicol ly.

-0,14 Add.

"tWhere statislical mathods ore used, pobobi lities of foi lure rta-y be

dototmined to eotablish levels of n$ooiee~ o be used for design

condi Iions.,

3. 18 Charige "design ultiiwte' to "fatored design limt t fato-ed dosiqrw

oveflooad (rowag)" t in three ploces.

3.22.2 Add *to etid of paroioph-

"Uf tuffiewt itstt o bo establishtd I oxiv theisi

wmyi s PO*Cb tul OW-040 toad cjxIraeS, te wovitnm.n lod

dletied fto 3.2. 1. alone* my v eusd to gover the detigo'

et the altplwwt."

3.22.2.1.1 Chang. th lWe W teeCk page 19 to tead:

*The limit fo,- will be witiplied by 1.5 to ev*tablIs factotod

loods edxtapt wiere ottiikl rnethcd ore aseJ to eitiblish Wmtote

limifru on vedood oinega) foods.'
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d. MIL-A-008862A (USAF) 31 March 1971

3.1 Add the following:
"Subject to the appiovol of the procuring activity, the statistical

methods of AFFDL-TR-67-107 anc AFFDL-TR-71-178 may be used

to establish probabilistic combinations of the design parameters of

this specification."

3.2.7 Change the last sentence to read:

"The analysis shall be performed in accordance with MIL-T-6053

except as modified by approved statistical methods."

e MIL-A-008867A USAF) 31 March 1971

3.2.2 Change seventh sentence to read:

"All tests to design ultimate load (or to limit and omega loads

including appropriate test factors of safety for statistically derived

conditions) shall be completed prior to performing fail-safe tests

and failing-load tests for any condition."

3.4.2 Change first sentence to read:

appropriate factors of safety for statistically derived conditions)

shall be ... "

3.4.5.7 Delete "ultimate-load" in the first sentence. Add the following

after "1 .5 times" in the second sentence:

"(or to the appropriate factor of safety for statistically derived

conditions)"

3.8 Change to read:

"All landing -geur drop tests shall be conducted in accordance

with MIL-T-6053 except as altered by statistically derived landing

parameters, where applicable."
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f. MIL-A-008870A (USAF) 31 March 1971

Add the following at the end of paragraph 3.1:
Note: Subject to the approval of the procuring activity, the

designated speeds VL and 1. 15 VL of this specification may be

replaced by appropriate statistically determined maximum speeds."

g- MIL-A-8871 (USAF) 1 July 1971

No specific changes to MIL-A-8871 are proposed at this time.

Possible conflicts with implementation of statistical methods are

pointed out in tables XX through XXIX.

14.4 AFSC-DH Series Review

a. Necessary changes to the AFSC-DH series in order to
implement the new procedure are quite minor. Basically,

the changes involve redefinition of limit-ultimate load

concepts rather than use of a 1.5 factor of safety in several

handbooks and the inclusion of definitions and reference

documents in DH 1-1.

The proposed AFSC DH 1-7, Aerospace Materials, may

require some changes but since it has not been issued, it
was not reviewed. Proposed changes for the other documents
in the series follow.

0. AFSC DH 1-1 (l December 1970)

Section 2L, page 2. Add the following:

"LOAD, OMEGA - A low probability of occurrence over
load levet which replaces the ultimate load concept in the

F application of the statistical approaches of AFFDL-TR-67-107

and AFFDL-TR-71-178

Section 25, page 1. Add the following to the definition of
SAFETY FACTOR:

"In the application of the statistical approaches of AFFDL-TR-

67-1L7 and AFFDL-TR-71-178 limit and overload (omega) con-
ditions may have individual safety factors which are s, listically

determined."
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Chapter 4. Add the following to the list of references:

AFFDL-TR-67- 107
AFFDL-TR-71 -178

c. AFSC DH 1-.6 (Revised 20 January 1971)

Design Note 3BX. Change item 3. to read as follows:

"3. Use an ultimate factor of safety of 1.50 except where

acceptable statistical methods are employed to develop

separate limit and overload (omega) conditions and corre-

sponding factors of safety,"

d. AFSC DH 1-X (Revised 15 January 1971)
Design Note 6A1. Change item 1.2 to read as follows:
"1.2 Use an ultimate factor of safety of 1.50 except where

acceptable statistical methods are employed to develop

separate limit and overload (omega) condition and corre-

sponding factors of safety."

e. AFSC DH 2-1 (Revised 1 October 1970)
Design Note 2A1. Under paragraph 2. BASIC DESIGN AND

TEST PHILOSOPHY, replace the 4th sentence with the following:
"Design the aircraft so that it will not fail at ultimate loads (or

at limit or omega loads including appropriate factors of safety when

statistical methods of AFFDL-TR-67-107 and AFFDL-TR-71- 178

are used)."

f. AFSC DH 2-X (15 September 1970)

Design Note IAl. Change item 1.2 to read as follows:

"1.2 Use an ultimate factor of safety of 1 .50 except where

acceptable statistical methods are employed to develop

separate limit and overload (omega) conditions and corre-

sponding factors of safety."
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14.5 MIL-F-8785B Review

a. This section of the study is concerned with establishing the need

and availability of appropriate data necessary ,t the existing

design requirements of MIL-F-8785B (reference 7) when using the

new design method.

The military specification, MIL-F-8785B, contains the requirements

for flying qualities of United States .iilitary piloted airplanes. The

requirements of this specification should be applied to assure that

no limitations on flight safety or on the capability to perform in-

tended missions will result from deficiencies in flying qualities.

The flying qualities of modern airplanes are the results of in-depth

design analyses using current aerodynamic criteria. These flying

qualities are then evaluated by pilots flying Fimulators or the

actual airplane. One of the most acceptable evaluation standards

for flying qualities is the Cooper Rating System (reference 8).

b. In MIL-F-8785B there exist three levels of flying qualities; i.e.,

Level 1, Level 2 and Level 3. These levels are very nearly parallel
k to the standards of the Cooper Rating System. The definition of each

of the three levels as specified in MIL-F-8785B is as follows:

Level 1 - Flying qualities clearly adequate for the

mission Flight Phase.

Level 2 - Flying qualities adequate to accomplish the mission
Flight Phase, but some increase in pilot workload or
degradation in mission effectiveness, or both, exists.

Level 3 - Flying qualities such that the airplane can be con-

trolled safely, but pilot workload is excessive or

mission effectiveness is inadequate, or both. Cate-
gory A Flight Phases can be terminated safely, and

Category B and C Flight Phases can be completed.

c. It is not the intent of this work to regenerate or update the aerodynamic
criteria or the flying qualities standards. Rather, it is intended to
establish an interface between these criteria-standards and the new

design method. This method inherently features tke statistical concepts

of probabillty and reliability.
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A first round of coalescing these statistical concepts and the

flying qualities standards already exists in MIL-F-8785B and

in the Concorde flying qualities specification TSS Standard

Number 3 (reference 9). i,; 4hese specifications certain

degraded flying quality levels are linked with a probability

of occurrence of airplane failure states. No breakdown of the

failure states into the various airplane components and systems

is attempted.

d. There are numerous aircraft systems, such as flight controls,

powerplant, navigation, landing gear and communication sys-

tems, each of which has different characteristics relative to

probability of failure. Some of these systems directly affect

the flying quality level of the airplane. Perhaps the most

directly related is the flight control system.

In this study the flight control system of the C-141 MAC Trans-

port has been chosen to illustrate the probabilities of system and

sub-system failures. The C-141 flight control system is composed
of several subsystems, the major elements of which fall into three

groups; basic controls, trim controls and other controls. These

major elements are further broken down according to their specific

task and they are listed as follows:

Basic Controls: 1. Aileron
2. Rudder

3. Elevator
Trim Controls: 1. Roll

2. Yaw

3. Pitch

Other Controls: 1. Flap

2. Spoiler

3. Stall Prevention

e. Failure rate data have been collected for the C-141 MAC Trans-

port fleet over a period covering the entire flight life of the airplane,
which benan about ndd 1965. A sampling of failure rate data, covering

336,418 flight hours, has been used in this analysis. This data was

accumulated between September 1968 and March 1969 and lists failures
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of each of the above subsystems. It should be recognized that
this data is but a sampling, that the results represent trends and

are not conclusive.

The number of in-flight failures and in-flight aborts due to each

subsystem of the flight control system have been extracted from a
voluminous bank of available data. The probability of failure for
the various C-141 sub-systems is presented on Figure 80. in-

terestingly enough the trim control sub-systems exhibit the lowest
probability of failure or the highest reliability. The boundary
line shown as Level 2 is taken from section three of MIL-F-8785B.
The faoctor used to convert probability per flight to probability per
'flight hour is five (the nominal C-i41 flight is approximately 5 hours
in duration).

Similarly, the number of flight aborts for each sub-system is shown
on Figure 81 . In this scmpling of probability data there were no
in-flight aborts attributed to the roll or yaw trim sub-systems. It
should be noted that the Level 3 specification from MIL-F-8785B is
much more stringent than the Level 2 standard. The scatter of the
data indicates that perhaps the specifications should be expanded to
cover separately each group of sub-systems such as basic contt-s,
trim controls and others. Up to this point only the flight con-
trol system has been discussed. The probability of in-flight aborts
due to the C-141 powerplant system for the previously mentioned
data sampling is 72.5 aborts pet 1000,000 flight hours.

f. Before an actual family F specifications can be recommended, on
in-depth study of flight failures and in-flight aborts is necessary.
Typical classifications of airplanes should include transports, cargo,

fighters, tankers, etc. Military transport and cargo fleets to be

analyzed would incLide the C-141, C-5A, C-130, KC-135 and
C-123. Commercial fleets to be examined could include at least
the L-188, L-I011, B707, B727, B737, 8747, DC-8, DC-9,

DC-10, C880 and C990.
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It is possible that the probability of failure analysis for each
classification of airplane could produce a different set of

specifications for each. Even within a classification the degree
of system and subsystem complexity can produce a wide dispersion
of failure probability data. In any event it is proposed that each
of these factors be considered in the analysis to aid in the develop-
ment of a recommended set of specifications.
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SECTION XV

CONCLUSION AND RECOMMENDATIONS

15.1 Conclusions

a. The study described in this report has been aimed at securing a
'  'more complete understanding of the requirements for and

implications of the static strength aspe,;ts ot the system of

probabilistic criteria developed in reference 1. The principal

conclusion is that the implementation of the complete system

wouk. be premature, but that a portia' application can and

should be begun.

b. The concept of a single numerical value for the reliability of

an airframe (or even For one specific location on that airfro n)

is superficially attractive, but any real advantage is completely

negated by the problems associated with interpretation of the

number. Not only must every possible cause of loading be

established in probabilistic terms, but every factor affecting the

strength must also be established. Unless the total picture is

assembled piece by piece, nothing will be known about the

relative importance of the various conditions, and nothing will

be known about ways of changing the results by modifyinj the

operation, instructions or by redesign.

c. Lack of statistical definitions of loading conditions is a major

obstacle to implementation of the method. Thi4 is most true Of

asymmetric flight cases and of cases involving ccvmbinulions

of parameters (speed, weight, load condition, load level, etc.)

which cannot be regarded as independent.
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d. The reliability evaluation depends on comparisons between

load and strength, both expressed by a common parameter. The

choice of this parameter is complicated by interaction between

load systems. For example, if wing root bending moment is

the measure of applied load, it must also be the measure of

strength; but the allowable bending moment may depend on

the applied torsion, shear and intemol pressure, Hence the

strength definition will generally be more complex than implied

by reference 1 . A normalized parameter might be used.

e. The need for a single design load remains, as does the concept f

design allowable strength. Without the ability to match these

values, determination of structure! dirensions is impossible.

This is recognized in reference I and confirmed. However, the

design factors to be vied will vary with the statioil properties

involved.

f. The strength distribution must roeognize the variatiotns due to
fabrication atd asembly processes, os well as those of the

basic material. Dota on these effects is lacking, and is

urgently needed,

g. The probability that the ochieved stteVth levels will not be

those intended must be recognized by the inckvson of a suitable

"error" function in the analysis. Thls may be abittoy or based

on appropriate test experien'ce; the choice is relatively insensitive,

6ince the incotpototion of test results forms a partially self-

-C.QE nsatwng process.

h. Testin-g changes its moning; it is not a proof of strength, but

a means of indicating ,robable error levels. The test factors

used moy vary according to the reliability !evel to be "demonstrated";

de-si0n to a high factor followed by testing to a moderate factor
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can imply the some total risk as design to a moderate factor with

testing to a high factor. The risk of destroying the specimen

could enable on optimum overall cost-effectivenes4 to be achieved.

i. Repeated testing (on independent specimens) will contribute to

the overall state of knowledge. Both laboratory tests and actual

flight experiences have the same meaning of demonstration of

a certain minimum strength.

p Test failures and tests surviving given boads have different meanings.

The former ore difficult to interpret consistently, and a test failure

should be regorded as a test surviving a slightly lower load.

k Two sets of design coiditions require evaluation. One is aimed

at ensuring negligible risk of a samplt where stength is less than

the load e0ect 1 cti teplacard limits. Th-_ secoInd is aiM4ed

at providing a suitable marqn of strenath for motute e c-nots

rovorpl card limits, .ft a lower vtliability will te defined io

Ihow 'otea;a" conditios. Difernent eeign foctor ad differnt

!,nt fooen may b -sed et limit dand :wfteg cenditkiwn..

-- aftogeOtet , eci i o ll tohired twhich Will be 6sid o-
unfamila nfOWeroi4On It is itporttt thj 1110 Physia

implk.ationsof O t isiout masheeroticol epcvoaions afe maintainfed
to eikskr that suc4jh dOcios oIS corrctl guided CoMPro#"M
between reliability levels, duiwtn loads and foctori, betIveon

limit anid ogega codi fns betwc-en weight and .~ lItalility. on

between &ksgn and lost codition A *i1 be n.cesaty, Assessmeot

of I#e relative inportorCe of structural and non-strvctustl systems

will No ;eqNuired in order to achieve the requisite rtol reliablity

o minimum cost.
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m. The operation of the vehicle must be controllable in order that

the intended reliability levels are achieved. This will requii-e

selection of placard limits which reflect the significant

parameters, but which remain practical ; thi5 area requires

considerable care. Subsystem behavior may assume a greater

importance thqn hitherto.

0t. The initial use of the method for relotive reliability stdlies will

lead to the necessary acquisition of familiority with the techsidques

and will provide guides to the factors and reliability levels implied

by the prewnt critevio; gradual re-evaluation will lead to mote

oieitnt OF%10-.sre by pernittin9 identli~cotian -,I struturol

location anVd fliwhlt cotditions' Which are potentially of greater risk.

a Contin o4s upWtiiig oi tshe eva luati i requiried to ref let the

increwied knoovkdV ofq each stogu og Ch 4kin. n s*rtino

p. The choice of 0n1y fo levelt ti;tis and caewjqa) o Which the

oellnedi vta nt ooy abwalL adequae tc

give the o s l ioblo P70lte roqreni' -ruc-tion in teliability. For

e orn'le. iNCr-a06Pi t0 ten m cre, W.ewe, lirti f.d

onwo c~n~iot coul weutin th aSL~ zo hntlEtBa
just above limil conaten o no a suo'.-d rectction In l lowabe 10ood.

.rut her i CkrSMI * Cpht h ov little ~zon.q, ltwdin10 too "teliobilIty

pmncipice t' of the typedcti gue 2 i rye

4*cesotyto ainin at ootkoe ronditihr. betweenl Jitnit §flMd

ovega condttianx to ensure, thet avoidance of svck pher~ttno.

t his type of precrutio.

C +,



,..15.2 facommendotions

1 . Familiarity with the proposed3 system must be gained; it is

. recommended that a serie. .. : rudies be initiated which evaluate
the relative reliability levels of specific aircraft and structural

locations for different loading -ases, and of different locations

for th,, same loading cases. The incompleteness of available

data is less important in this process, since a reasonably constant

error will have little influence on the relative reliabilities.

b. During this phase, attempts must be made to collect and ornalyze

data which is presently lacking, This includes statistical

definitions of the load sy :,.,s and of the strength of fabricated

structures. Analysis of large samples of existing (but relatively

inaccessible) test data will permit selection of better error

functions than those so far proposed.

c. The statistical equations used to represent distributions of loads

and strength should be examined to ensure that the important

"tails" are not required. Skewed distributions and double-

family distributions should be investigated.

d. The development of the appropriate terminology is vital to

the understanding of the analysis, to the achievement of the

corred decisions for compromises and for the selection of operational

guides which ensure Ihat the intended reliability is achieved.

This new teminology must recognize fully the changed meaning

of testing; the term "ultimate loud" should be discontinued 3nd

replaced by "factored load"; the factor may be a design factor

or c test factor and the load may be a limit load or an overload

(omega load).
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e. Initial application of the proposed method too new design should

either

!) retain the 1 .5 design factor on limit loads and vary

the test factor according to the number of tests, the

strength and load dispersions, the error function and

the desired reliability, or

2) use equal values of design and test factor, the value king

varied with the same parameters.

The reliability goals should be based on those implied by the present

criteria, to ensure no abrupt change in the structural integrity as the

new method is incorporated.

f. Specifications and handbooks should be modified to permit the use of

probabilistic methods as -n option to the present methods where

sufficient data exists.

g. The influence of subsyster.: on the structural loads requires evaluation

of the rates of many different lypes of failure. Acquisition of

the necessary data should be encouraged.

h. Interactions between static strength, fail-safe strength (the

residual strength of a damaged structure) and fatigue "strength'

require identification. Studies of the nature of thes.e interactions

should be pursued to permit the whole spectrum of structural

reliability to be expressed in a consistent manner.
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APPENDIX I

A NOTE ON THE USE OF DOUBLE-FAMILY DISTRIBUTIONS

A.1 It is frequently necessary to atsume that all of the observations in

a sample are members of a single homogenous population whose distri-

bution follows one or other of the many standard forms (normal, log-

'-ormal, Weibull, Gumbel, Poisson, Pearson, etc.). Such an assump-

tion will often give a good representation of the observed probabilities
of occurrence, particularly in the neighborhood of the mode (the -ost

frequent values). For many purposes, a best fit in this region is desirable,

but there are other applications of statistical distributions where other

factors require emphasis.

The structural reliability problem is such a realm. The major difference

from the more common reliability analyses is that the "mean time to

failure" is not the desired measure of structural reliabil;ty. It is the

risk of first failure that is required, since the ultimate goal is the prevention
of all failures (in effect, there is no acceptable failure rate). The implica-

tions e to throw much more emphasis on the unusually high loads and the
unusually low strengths, which in turn demands that the statistical repre-

sentations match the appropriate toils of the distributions rather than the

regions near the made.

A1.2 In practice, there is no strict logic behind the assumption that all members

of a sample set of observations belong to a single family, unless it can be

verified that only one independent parameter is involved, and this is seldom

if ever possible. Furthermore, the information necessary to divide the data

into its component families will not generally be available. Empirical

methods provide a means by which the essential analysis can be performed:
the aim is simply to provide a mathematical model of the population which

is adequate in the region of most importance.
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A] .3 The use of double-family distributions i not r.ne ; power-spectral

analyses have habitually err loysd such methods, and the representa-

tion of loads and strength datc by two Gaussian distributions is des-

cribed in reference iO.The suggestion that the maneuver loads spectrum

miy contain membe-1 of two distributions is also mentioned in reference 11.

This appendix expands the approach on a more formal basis and suggests

methods by which an acceptable empirical distribution may be derived.

No attempt need be made to ascertain the reasons why two families (or

more) are involved.

The examples are based on the use of the first asymptotic theory of extremes

(Gumbel distribution, see references 12, 13, and 14) but the principles

are applicable to any basic uistribution. Gumbel's equations are simple

and permit the easy formation of the required quantities within a computer

program.

A1.4 Let the basic distribution be such that the probability of a value less than

X is P, where P is a function of X, of the mean (X) and the standard

deviation (S) together with appropriate constants. In order to determine

the values of the constants, one viable technique is to v- nsform the prob-

abilities (P) into a new variable, Y, by means of a transcendental equation

which results in a linear relationship between Y and X. A least squares

best fit can then be used to match the fitted line to the transformed observed

probabilities. The pattern of the deviations is then used as a guide to the

choice of parameters for the two families used to achieve the desired repre-

sentation.

In the case of the Gumbel distribution, the basic equation is-

P axp (-exp (-Yl) A]-]

where: Y A x- + B AI-2
A Tr/ s =I 1,28255 and B = 0.57722

and the transcendental equation is

Y -loge (-loge P)) Ai-3

A] .5 A series of N observations (see Table XXXt) is arranged in ascending order

of X, each term being allotted a rank, m, which ranges from I for the

lowest to N for the highest. To avoid tke mathematical dilemma associated

with a probubility of one, the actual observed probabilities (--) are replaced

arbitrarily by m /NlI in the usual manner. These values of m /N+I are

transformed to observed values of Y, usir.g equation AI-3 and plotted against
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TABLE XXXI

DATA FOR DOUBLE-FAMILY EXAMPLE

m
X m N+ Y

240 1 .0417 -1.16

241 1 2 .0833 -. 91

243 3 .1250 -. 73

243 4 .1667 -.53

244 5 .2083 -.45

245 6 .2500 -.33

245 7 .2917 -.21

247 8 .3333 -.09

248 9 .3750 .02

248 10 .4167 .13

252 11 .4583 .25

252 12 .5000 .37

253 13 .5417 .49

256 14 .5833 .62

256 15 .6250 .76

258 17 .7083 1.07

259 18 .7500 1.25

260 19 .7917 1.45

261 20 .8333 1.70

264 21 .8750 2.01

266 22 I .9167 2.44

275 23 N 9583 3.16

X = 252.7

S = 8.80
v = S/X = 0.0348
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as shown in figure 83. The best straight line can then be determined
by an appropriate least squares error method (reference 32 describes a suitable
technique which minimizes both the x- and y- errors). It will be realized
that plotting the transformed probabilities on linear paper is simply equiva-
lent to plotting the real probabilities on the appropriate probability paper,
and for illustrative purposes, figure 84 shows the same data on normal
probability paper.

A1.6 It will be noticed that the observations deviate from the fitted line in an
ordered, rather than a tandom manner, which suggests that the assumed
distribution is not valid. Now experience o.dicates that each of the single
basic distributions plots as a line with single curvature (or of course, as a
straight line); it is also apparent that the data follow a reflex curve with
a point of contraflexure. The usual argume)ts as to the importance of the
single highest observation will apply, of course, and if so desired, this point
may be omitted from the best fit process. Even when this is done, the
reflex-curve pattern remains.

A1.7 Now let the assumption be made that the data comprise representatives of
two families. Let these have means and standard deviations "A' XB' SA
and SB respectively. Also, let RB of the total population be contained in
family B, so that family A contains (1-RB) of the total. The resultant
probability of a value less than X can now be exprissed as

P (l0-RB) PA + RB PB AI-4

where PA exp (-exp (-YA))

and P8  exp (-exp (YB)) AI-5

represent the independent probabilities of a value less than X in the separate

distributions, where
x x

YAA SA +B

YB A x -XB + B A1-6

The transcendental equation to derive the tranJormed probability, YT' is
thei,,

Y1 - -loge (-Ioge (PO Al-?
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Figures 85 through 90 show the implied distributions in conventional

form.

It is convenient to use the standard coefficients A and B for both distri-
butions, rather than to vary these; no significant degradation should occur
in practice, although it would be more correct to vary the coefficients

according to the amounts of data allotted to the two separate distributions.

A1.8 The remaining problem is to determine the five basic parameters XA' SA'
RBI XB and SB. Automated trial and error methods are feasible, but

simpler methods can be devised which are gen',rally satisfactory. These
depend on appropriate assumptions as to the location of the mean of the

B-family and the nature of :he overlap. The observed data are alloted
to suitable intervals and simple rules formulated for allocating the entire
contents of a band to family B at the upper end of the range, allocating
the entire contents to family A at the lower end of the range, and for
arbiIrary division between the families for a few bands close to the assumed
XB' Lockheed-Georgia Company has a progiam of this type which generally
provides good results, or which serve as a starting point for a limited im-
provement by trial and error. Once the observations are allotted to the
two families, each can be fitted by its best straight line and the compound
distribution can be generated from equations AI-5 and AI-4.

Figures 91 through 93 show a worked example, using the data of
Table XXXI. The improved fit to the observations will be seen.

Al .9 The foregoing discussion relates to the case where the distribution 's skewed
to the upper level of X. For the opposite skewness, the simplest way of
handling the Gumbel equations is to change the sign of X in the computations
(the derivation of a minimum value of +X is equivalent to the derivation of a

maximum value of -X).

AI.10 It is also interesting to note that some observed distributions can be better
fitted by a compound aistribution obtained by subtracting family B from
family A. Such an appoach may have validity in strength estimation, a
possible physical explanation being that the total population consists of

several overlapping distributions whose sum is close to u single-family dis-
tribution; quality control processes then remove one particular sub-family.
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Whatever the explanation, the results, inasmuch as they provi-de a good

empirical curve-fit can be held to be as justified as the commion assumption

that the population is describable by a single Gaussian distribution. An

example of this negative second family approach is shown in Figures 94

and 95.

Al-11 r or reference purposes, Tables XXXII and XXXlllcontoin values of the

transform~ed voriable, Y, corregpoiding to various values of the probability

of a lesser value (F) atsd oi a greater value (P).
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TABLE XXXII

ORDINATES OF QUM3EL EXTREME-VALUE PAPER
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APPENDIX II

BASIC EQUATIONS OF MODIFIED COMPUTER PROGRAM

A2-1 Introduction

A descript;on of the program used for the present study is given in Appendix III

and examples are shown in Appendix IV. Two reasons exist for the use of a

program different from that in reference I The study necessitated gaining a

full understanding of the practical implications of each step in the procedure,

and the program of reference I possesses certain shortcomings in the extent to

which the intermediate results are presented. The second reason was a desire to

determine the degree to which a given company could utilize statistical pro-

" grams alreody developed; the Lockheed-Georgia Company had on operational

program for applying Gumbel distributions in both single and double-family

form (references 13 and 14), and the incorporation of these was thought

dosirabIle. Combiaing these reasons, it was evidently easier to write a new

pragrom than to odd to the original ptogrom of reference 1, although the latter

was used as a basis,

A2-2 L s ectum

, Two alternative methods ore Wovided foi the definitio, of the load. p*'ob.-

bility; the required farm is in terms of the probabiliy of a load exceeding

x,, where x. is o band-edge.

b,. Arnolysis of operational date, by the theo-y of extremes, provides a

witabe data base using n minimunum of infornotion, If each observaticn is

the wox;mutn lead in a given roe.,4 Jing period (prefe mbly a coristont

pe itd, sh as )OO hoors), -n the di4tTibution of such extremei is

er*pefcted to follow on exponential low of which Gumbel's equation is one

exaimple. Reference 12 contains a full d&scri.ion of the theory. This

dlsributi- of nmoximum extreme% is typically skewed with the tail towards

11ghef values, and its ue in the present context is suggested in refc:rnce I1

among other sources.
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Now the resulting distribution defines the probability (px) that the
L.

maximum load exp, ed to occur per 1000 hours (or whatever period is used)

is between x. and x.+dx, in other words, px is the probability that any

load level up to (x. + dx) will occur. The resultant probability (Px)

of each load (x.) is then giv" by:

I Px A2-1

L.L i=N L.

as shown in figure 96.

The distribution Pxi is defined in terms of the five basic parameters of the

double-family distribution as described in Appendix I. The cumulative

probability of a value less than x. is

P exp(-Oxp(-yA)) (1 - R8) + exp(-exp(-y B) R A2-2-- il: l - -l

x i -
whero YA 1.28255 + 0.57722'A

A2-3

ondy 8  ~ X. -i,
and y8 - 1 .2 255 +80.57722

when written in terms of the means one standard doviations of the two

families, ,here, if the coefficients of variation are defined:

.'A xA "vA
A A A A2-4

If the intercepts and slopes of the best-fit straight lines on Gumbel paper are

known, equations A2-3 con be rewritten os
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P x.
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pJ

P
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X: x. - Xnt A

As
A

SA .A2-5

T i ntB

YB - sB

where Xt x - 0.57722

Xint8 : B x - .577220 Aint B A2-6
and A S /1 .28255 = .28255

- SB/1 .28255 = x VB/1 .28255

The cunIulativc probability (P ) of a value less than (x.+dx) is similarly4 (PxL

IY calculated, and the required probability (p ) of a value in the band
XL

x., x. +dx is found from the difference of the two cumulativc probabilities.

A2.3 Strength Distribution

a. Material Strength:

The basic properties of the material strength distribution are again input in

the form described in Appendix 1, but the theory of minimum extemes is

employed, w'ich implies a distribution with the tail towards lower strengths;

$is was found to be representative of actual data samples examined (see

Appendix V) and emphasizes the importance of the exceptionally weak

specimens.

The cumulative probability of a value greater than (x, 2 dx) is

P exp(.exp(yA)) (- RB) "c(-exp(-y)) RB A2.7i,- ,e x (- A ) P ( 1 R ) ' x - xp•A 2 .

i+
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where YA= i.28255( 2 0.57722

A2.8

YB = 282B5 + 0.5772

The cumulative probability (P ) of a value greater than (xi - dx) is
X.

similarly defined, and the required probability (P of a value in the

1 I

bond x. ± dx is calculated as the difference between the two cumulative
12

probabilities. When the whoe distribution s defined, its overall mean

(x) ond coefficien. of variation (v, / s) can be found by summation of

first and second moments in the usual way.

b. Fabrication Variation:

The available material strength data above may n.ei modiflcation to

recognize a seondory variatien due to fobrication or ossembly procvies.

This variation is treated as if it wore o definition of the distrd.vtior of fPe

mOn strength of the material. Let L ba the probbi litly of o mo,, strgth

in the intervalI x, t5 dx, w hoe the equat ios foe L. we patUo iie to ai

in the orevios porGqoph. The baic moteriel di.tribution ihope is applied

to the froctinml of the atal W$ulatin which has is Mean o x, (the- dx
'2

range is ignored end the sample asumed to ecc's o x)l.

The t\o families are scakd w ;hao this fraction of the total p0jnlati n is

formed from dihjtibutions with noas of

.. A

A2.9
x

"B. B s

I'I



and with the original coefficients of variation, vA and VB, giving standard

deviations of

'A. ' vA

_ A2.10

The double family distribution resulting from these values is multiplied by

the probobility of its occurrence, namely L, thus yielding the contribution,

SPx.f to the total probability of a strength x; dx.

Snummation of contributions due to all of the nan strength voiues gives the

resultant strength distibution,

N

and mnnvno tIon of the firt and seond csoanents, eablex the oVto' I mtcen

streth and coelflCient of vwiotion to be found.

If thle secondary affect at the ioiwicutiws is not needed, thit sep is simply

omited.

c. Whwe the strength distribution is oAny required as a 'mcns of determining the

charaterist-ic shape, and not the absolute strength level, the units uted

may be chosen -dendent4 of the units u",o for defining the toads. The

neeut w-ling ; p- fvrmed in lotw steps.

A2.4 Intended StteIth

a. The telected onfoctored design >d, which may be eith e a limit -onditice

o en omega condition, is used os a b3sis fot deteefn ing the Yntend

strength to reuilt from the strucur-al sizing procedure. The design factor

of safety, FS, is first opfl; A to give the factored design load:
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FACLD =FS xUNFLD A2.12

and any design margin of safety then incorporated in the estimation of the

(factored) de'gn load for the present case

FPDSNLD = FACLD (1 + MS) A2.13

b. At this point, it is necessary to consider the influence of conditions pre-

viously examinedi, for the case being crently amlyzed may not be a

Jesign case.

If the pveviously critical design load, DSNLD, is greater than the present

value, PDSNLD the former is ued in all subsequent step,. if the new

vgiue, POSNLD, exceeds the previous value, it repices OSNLD.

iestrength levels implied by other structural ;onstaints such as stiffness or

fot;gue, are icorp-woted in the soene way, on- appropriate vali;'e of DSNLD

being input.

c. Oce te critical design lood, DSNLO, is estioblishbv, it is related to the
design allowable strocjth e essed 01 $ a numbex of siondord dvioti~s

below the inteno.ed men stregth If the c'vAnti'nal vA vrolu, is being

usa this will be rovqhly Z..33 (,uss;,.,ng tha strongth 4isiributon is normoi.

It th~er~e follows thvat

DSNLd - AMSTR I! all V S)

w-re AMST is the tended man ote h

V ~tho coe'cc ent of -Ycri-iior, of tke mirongth distri ~tionS

Honc

DMY~tSNLD; (I S V) -S1

which defines Yhe inweded meen stregfih of the totol pro&dtion run ofi t he

pott being analyzed.
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d. No- the equations of section A2.3 define the distribution of a population

whose mean is at x The actual mean is intended to be at AMSTR, and

the intended distribution of strength of the individuals in the production

run is obtained by repeat.-2 these steps with x and x values replaced by
A B elcdy

XA AMSTR/x5

andx • AMSTR/x

respeci vely.

A2.5 Intended Reliability

a. With the strength ditribution resulting from th* previous parograph , theI' I

probability that the strength lies in the interval x dx is known as pX

A structure having this. strength will foil if the load exceeds x.

.(his i% not troly true, as it will not foil at loud x . if th- strength is III

the uppo half of the inte¢Vl; however this necssx'y op loxin intyo-

duzes ntgligqble etrors if the interval si , dx, is not too largo), The

poobil'ty tOt the locid exceeds x. i already t-nown to 6 , hence the

Pcaobar' Ilityof falkrq, wht ete"t tho SI lmtaneou' occur fie of tel*e

two evets' is

"P ' P A2 16

b. oter"ation ovw the whole range of sfrez.gth yieldi the twol ris of 1vik-re

N

P ' ' 5 A2.17

onid the reliobility is the -omplement of this, namely

R = I PF A2.18

c. One simplificotion can be made for .nt'oputotion: If tiie strength di-tribution

it summed to give the prc~obility, P , thot the strength ;% !ess thatn x.:
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s i

I i=1

then up to the highest load level for which P = 1.0, the failure proba-
Lk.

bility can be expressed in one step as

P = P 1.0 A2.20
F. R

and integration can be started at this Ipvel.

.d. The significance of the 6P values and of the cumulative integration of P
FF

ore of some interest. The distribution of 6P indicates the density distri-
F

bution of the risk of failure and can show whether a greater gain in reliability

could be achieved by operational restrictions or by deliberately mod, yrg

the strength distribution. A peak at low x-values indicates that the very

weak specimens ("certain" to fail because of the high probability of the

load) contribute most of the total risk. A peak at high x-values indicates

that the rare high loads are the major cause of the total risk. In the

former case, little gain would i esult from elimination of high load levels,

but in the latter case the benefits would Le greater.

A2.6 Probable Dixcrepync7

a. The probability that a discrepancy may exist between the intended strength

and the actual strengt., of the design is next incorporated. Algebraically,

this is performed by means of an assumed distribution of achieved mean

strength, ps. The program of Appendix Ill contains four alternative
5M.

functions suitable for this purpose.

V .b. Bcuton/Jablecki Function:

Reference I describes the equation used to represent the test data accumu-

lated by Jablecki from tests performed during the 1940 decade (reference
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3). The equation represents a linear variation of the cumulative proba-

bility of failure with the ratio of achieved load to intended ultimate

* strength, both being plotted on logarithmic paper. The program of reference

I locates the upper end of the line at a point with a cumulative probability

of 1.0 when the load ratio is 1.185, and in the "standard" case, locates

the lower end at 0.01 probability when the load ratio is 0.333. Other

levels are defined by varying the probability of failure at this same load

level of 0.333 (figure 97).

The present program retains the same general function, but permits the

input of any two points on the straight line. The maximum cumulative

probability is truncated at 1 .0. The resulting equation is then used to

generate the probability than the men strength lies in each of the

intervals x dx. The equations used are as follows:

Let PF be the given probability of failure below load PPU

andPF2 be the given probability of failure below load PPU 2

then the general probability of failure, PF, below load PPU is
given by

log10 PPU - lag1 0 PPU 1  log 10 PF - logl 0 PF A2.21

Tog-,g--"U - -Tog,0 PPU1 - og 10 PF - og 10 pF1

whence log10 PF RI log0 PPU - log,0 A A2.22

where KI loglo PF2 - logl 0 PF, A2.23
log10 PPU 2 - 10910 PPU.

lA- g l 0 F2  0gl. PPU - 10
0 PF 1 Ig 1

0 PPU 2

and log 1010 PF2  - - I  F

~logio PF2 (o910 PPUI -log10PIF, loglinP

or A=10 F 2  A2.24
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,ppu RI

hence og0 PF loCl 0 I-A--
i:l

or PF (P- U A2.25

The fraction of the total mean strength distribution lying in the interval

x. ±dx is then found from the difference of the cumulative probabilities
1 1x+Idx--dx x+-dx

at the two band edges, substituting 2 and 2N in turn for PPU

in equation A2.25 with A and RI determined from equations A2.24 and

A2.23, respectively. The resulting differences give the required values of

PS for each interva I.

1M.

c. Freudenthal Function:

The expression used is a general form of the equation on figure 3 of

reference 4:

ii~iPPU RI

PS = exp (PPU) A2.26

S A

* where PS is the probability of exceeding a mean strength/design strength

ratio, PPU. The corresponding probability of d6lower value is

i!. U ,RI

PF = I - exp A2.27

As with the Jablecki r'.nction, the present program enables the constants to

be derived from two known values of PF and PPU. At the two given points,

, PF, -- e-
A2.28

PF 1 exp PPU 2
2 A

whence
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log PF1)
I)

(P .. .. log (I -PF 2)

Rlog1 0 PPU 1 " ~g 0 Ioge(1 - PF1))

R!Itog| 0 PPU2 - log,, A) Iogl0(-Ioge(1 PF2 ))

Solving for RI yields

0 ;- PF2) - Iogl0(-ge(1 - PF1))
RI 10 e-A2.3010 10 PP 2 -logo 1> PUl I23

and subst uting for A gives

A PPUi/(-Ioge(t PF1)) A2.31

The porticular 4ystem routine for calculating logarithms prevents zero r

unity being chosen as input values of PF or PPU.

The pao~edure for evaltoting the values of p, is identical to thot

previossly described. M.

d. Gumbel Function:

The promes is escnfialty the some os the above, but the Gu-nbel ditribu-

tion furiction of minimum extrems is used to fit o line through the two

input points which ore defi, - as before. At the two given points, the

pro~billities of lower values ore

PF - exp(.-exp(-y 1 ))

2  A2.32
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PPU - PPU1
y 1 =A S +B

PPU - PPLI A2-33
:Y2 :A --- T5 +

where A = 1.28255

B =0.5?/22

P U is the mean of the implied distribution ond S is the standard

deviation.

= PPU fiu j

Now A, A ----- (-log(I PFs e A2.34
PPU - WO

and A = A 2 Btog (-log (I -0PE.))
2$e

whence

(A1 s B)PPU 2 - (A2  O)PPU 1
P -  .. .. A2.35

rrU 1  2A.

A 'A

A(PPU "OV)

The calculotion of the distribution of mean strtngths, pS is then as

lfollows:

The probability of o volue greater than x .- dx will be

ex(K,4y) A.2.37

1 .28255 Ki &

and the probability of a value greotir thwn x. + i, dx will be

PR2 =ep(-ex4._y 2)) A2.38

2
3!£



whore .2 85( DSW/ 0.57722

so thot the required population in the intervol x. ± - dx is
' 2

P -PR
PS 2 A2.39

M.

e. Double-Family Gumbel Distribution:

The kurti error function permits the use of the more general double-

fomily istrihution defined by the means of the two families, the standard

devinlionr these ore assumed equal in this application, so that the number

of hptt pcromatrszmains at four, as with thc 'ther error functions), and

the fractions 04the total distribution allotted to each family (the fraction

belonging to Ahe lower strength family is actually input).

Tb" equvatoas for the distribution are similar to those described in Section
A2.3, bt wIth t4 probability (p ) replaced by the iobobility (pS ) of

M.
-I I

q each ftnon Strangth.

A2.7 Probble $rrgfh, ithscr

a. The dhzriAbtkz of mot wongtha, p5  , which defies the assumed error

Th' fu on, iscc 4itv'ld with the basic indiwiduol strength distribution, p *

to give tho pxobAe individual strengt' distribution in he presnce of the

or. Tr, rv, ~is proce s is identical to that descrdaed in section A2.3.b

for the ifnc orpration of the fabrication v riaton. The now distribution,

P r eplce the previous distribution, and its cumulative vorsin PR

is formed to reploce the previous values of P
S.
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b. The probability distribution of failure, 6PF.' and the cumulative probability

of failure, P are re-estimated, following the procedure of Section A2.5,
F.'

enabling the reliability to be estimated for the revised state of knowledge

(with probable discrepancy, but before testing).

A2.8 Incorporation of Results of First Test

a. The next set of updates can either predict the effects if certain test results

ore assumed to occur, or can be used to revise the estimates after actual test

results have been obtained. Before this step is performed, it is useful to

predict the chance that the first test load will be survived. The first test

load, xT , is defined as the unfactored load, UNFLD, multiplied by theT

desired test factor, TF Now, the cumulative probability that the strength

is less than x. .. efined as PR
S.

Hence, the probability that the strength of the first test specimen will

exceed the test load is

P. I P A2-40
S RTi S.

where j satisfies tW condition

Xi - dx< xi X dx A2-41
2 T 1  2

, where

x, UNFLD TF A2-42

and P5  is then the required probabil'ty of survving the first test.

T1

The probobility of o smond specimen surviving a test to a load given by

KT UNFLD TF2  A2-43
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is similarly calculated to be

P S IP P A2-44
ST 'S.

2 12

where

x. -dx < sx +dx A2-45
22 T2  '22

so that the probability of surviving both tests is

P =P P A-46
T 2 S T ST

1 2

and the same process is repeated for the required number of independent

tests (of different spec imens).

P ~P .P P PA24T S S S AS
N 1  2  T3  N

b . Three different types of testing can be selected. The first procedure consists

of performing N T tests, each surviving the some load level. The second

consists of a series of tests to fai lure, each of the N~ tests being to a dif -

ferent load, X~ The third possibility is a series of NT survival tests,
N

each test surviving 6 different load level, XT The implico, have
N

been, discossed in Section IX, and this Appendix will simply give the equa-

tont. Boyes' theorem is used to modify the distribution of mean strengths

in a manner which reflects the test results (assume or actual) . Reference

15 contains o useful example of this particular applirotion.

c . N T tests surviving the same load, X T

The prior (before test) distribution of mean strength is already known to be

M.* The posterior distribution ;,s
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x M

S Sx=xi A2.48
]PS M f S ~r Ps

xT M

where (PsxT )xx is the probability of surviving the test load, XT, when the

strength distribution has its mean at x. ± dx, pS is the probability thatI 2 PM.

the mean is at x. + dx, and the denominator is a normalizing factor to

ensure that the total posterior probability of all mean strengths remains at
unity. The values of PS are calculated from the dispersion properties of

X T
the basic strength distribution with the actual values scaled to give a mean

at x..

If NT is greater than one, the process is repeated, later, but with the pos-

terior distribution of the previous iteration used as the prior distribution for

the subsequent iteration.

It should be noted that the resultant effects of this test procedure are idontl-

cal to those used in reference 1. Equation A2-48 reduces to the following

form if the denominator is assumed to be unity.

N
N/\ TA24T SM ST)- PsA249

XX.

d. NT Tests, Each Failing at Load xT.

A similar process is employed, but the probability of sur'ving the lost IOA

is replaced by the probability that the strength lies n the interval o-
taminng the test load. H nce, tho posterior disfribution of tmtin stro ifl i.,

after the first test, is
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(PS)

=x~x. A2-50
1M S (P E 'PS

I M.
\ x '

d so on. The dependence on the intervol width is evident.

e. NT Tests, Each Surviving Load XT
T TI

I The procedure is similar to the first procedure (paragraph c) but a different

x is used for each posterior condition.

f. Whichever test process is employed, the revised estimate of the distribution

of mean strengths is again used to revise the distribution of individual

strengths, enabling a new definition of pS This is used in turn to re-
X.

evaluate the failure probabilities and the reliability, following the steps

described in A2.5.

A2.9 Incorpo ation of Subs"equent Tests

O. After inclusion of the first tait resjul, o revi''d estinsat con be tmroxd of

the chance of svtvivin9 the stcond and further toils. The t'itioAs e

equivalent to those in Sction A2Ato.

Ib. Thu- nfeons of revising the praoblo tlisirtbulion (p5  of eeo W ri~thI
: -- -- ?M ,

fhs been described in the prov '-s wtclion. The optopsiote pferior

distribution leoads to on up-dated disr'butioo (p of individual skriqfti,

end to to a revised estimfe of the (aii)e rik aod of 6w rol~ebRily
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APPENDIX III
COMPUTER PROGRAM USED IN STUDY

A3, I Introduction

The program used in the study was based on the STTREL program of
reference 1. The modifications desired made a now program easier to
write than their incorporation into the existing program. These
modifications comprised:

.) step-by-step computation and print-out of the various stages
of the total procedure

b) a constant colculation interval to clarify interprettion
c) the facility for superimposing a fabrication v-riotion on to

the basic material s tength distribution

d) o wider varlety of error functions
) lthe focility for assessing foilure tpts and turvival tests to

different too levess

4) W use of double-family GuNbel1 disrrikgions shogc~~except
that lod wec#rum or dotes vatn be input in plce of this dis-

te ibuion.

A3..2 SM awvy of Paw,

a) The system co.;' iws a mon program (STPR), eight subroultanet,
one function and o dote blocku-poeoi A flow ca of
te main prgr-am peorj irn figure 9$. A 6bud dewcription

of the mo.in p;.Ogrom -nd of e-ch of the ,obroutines follows in
conijutction with litin g of te source decks. The logic ewvloyed
wes as Ii, fliO ts postible, iri the hterasts of c larity end no attempt

was mad to minimize run times,

Te ptogram Is wittn using FORTRAN V for t.* UNIVAC 1106

Cocputer with the EXEC.8 operating system. A CALCOMP plot
optlo is available ond requires one mognetic top* when used.
When' the plot s. .t not usv, the only peripherols required

ere the corwd reader *nd printer.
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5ET STANDARD DATA

READ CASE

F- CASE'.0 NCASE >O 0~-

SET NP-I 10 5FT NP
(OUTPUT DEVICE 10) (OUJTPUTDEVICE~,

READ CA5E DATA )CD

RL$ET 01TA

ML'

]WEA LOADG sLO.lrz

! CET lpAU-0 61ED 0,11-

FXGIUrM 9,8. FLW C)AWr O>F IVI14 W.*i



YM - KML-5
FORM LOAD SPECTRUM

FORM BA54C 5TENT tY1TRBUTION E

PVARA 0 FVARA>-

5uPFRImposE FABRIrAT ION

VARIAioN SjkJuoGEV

FOR~M INTENDED MEAN -5TRSNGTW

POQ&M INIENDED

1 1WeIT-r GUTPr TB ,

I I I ~PLOT RESUJLT~S $I~

(b) JNfl3DD qlRr.NGVJ STAQ,

rIGRE9;, 1,0i HAT F Mll PGRY, O'00EV



K~O-I rtI IE= KE
JAOLEC.1 F REUDENT4AL GUMBE L DOUBLE - FAMILY

£RZIOR ERZROR EIZROIZ F-zI O R.
FUNCTION FUNCTION F'-NCTiON FUNCTION

UPDAIE MEAN STRENGTI4 DISTP-16L7,ION

UPDATE 5TIRENGsTI DISTRIBUTION ISREP E\

UPDIT FAIUE DISTPZIBUTION

WRITE 5UMMAPZY WIZI IE OUTPvuTI TABL-E

OArIPLOTO - IPLOTW 1-]

PLOT IZESULT5SU&POT

()PROBABLE DISCREPANCY STAGE

FIGURE 98. FLO1N CHART OF MAIN PROGRAM (CONTINUED)
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F I
KT~l KT >1

NOT LAST NOT LAT
LAST TEST TEST LAST TEST TES71

SEIjES SERIESI

--- LAST IEST

NOT FORM PROS,. OF 5URVIVING
LAST TEST TEST5

FORM PROB.OF SURVIVING
TEST5 E5fK-

- =,,iKTaZ KT,,3

UPDATE MEAN 5TREt ITH UPDAIT MEAN UPDATE MEAN
DISTRIB, AFTER STRENGTA AFTER STRENGTH AITER
SURVIVAL TEST . FAILURE TEST SURVIVAL TE5T

UPDATE STRENGTH DISTIB.
-S EV I

UPDATE STRENGTI4 DISTRIB.

UPDATE FAILURE DISTRIb. SP.EV
- ' .- iPROBF

UPDATE FAILURE DISTRIB.

OUTPUT '
SEQUENCE

OUTPUT
SEqUENCE

(d) TEST RESULT INCORPORATION

FIGURE 98. FLOW CHART OF MAIN PROGRAM (CONCLUDED)

102



4) Olt4

4) 0 ) 44~~ >4H 0 H0 - 0
(o to '4 -P 'i '+4H (4)(

43 O 0 z a H H 0 aHI: -

(4 4) 4.1 0 4' 0 a) 0 4) 4) 0 (
>. . ~ 1 ~ 0 0 4)0 o 0 . .11 * H V

(4 fq 44)
4) 4) (4 ;4 4.)dC 4)H H14 4) OH 'H 4 0 r. 04

t 4 3 C0. H 0( ) 11t(o4o
:O~ 00 4" ~ 4) a) 4) I). 4) 4)X-0 a) $ 4 q 0)0 P4V

4o 0i Hn r-I m o $j 0 to .0 w4
.0 b 0 qq. 04 ' (D4~ (o4 1 (4 4)- 4 g-

43- 0 4)4 H t H- H4) a F .1 43 r4 0 H >4t 0 InH 4. ) 0 0 M (44) 0 0( R4> 0 4.> 'I ri- C) H
-0 H5) 4-13 .1: 4 0 0 $~- 4O ( i (4.3 to 10 ( 0 W m
0 0'- %-. 4). 0 H 0 H-~4 V 4 U 4 0

Hk Q. b) '1V 0q2 4 $:( ) V (0
0 HO s0 .4)14 4' , i- H4 4
'1 ~ ~ 0 (4 0, 1wt -q4 H 'o H H

H2 m HZ "- -H .0

Vc 'i WN 1,4 ;2 4) V .0

(4 o . H oH
0 Hi) 441 1" 1 t -
H- 0 M( 0 0o M

V 1 U)4 0 (4- W
(441 bo H H - N4 ( q)4

P4 0 +- 0 0 4) 0 V.V(4)3 V
0 C9 o 0 F/4 4)
40 0 H ; to tn - )04o 0

4C) 0 R; 0 W4 0 (4. H0
0- 0 -) 1 P. r.) a VO $4 "1~ .4
(14 .. 4-3 4) 4 4) -04) aO

0 ~ H ) ( 4$4, g 0)0 0
0p 4.) W~ 4, r.4)

0~ 04) 90 V6 fa 0 4)0 H 43 Cd.0 0X 4 4 H4( W (4 to4 01H (4: 1 4)

XJ 0-. 40

j Z

0 C;

co3 l. C';

H q NN t ~- 00 0\ 0 1- N(V

103



to 3 4S 4) 4

4) 4n H4 4 4) J H 4

cd 0 H vI 43 W 1 H '
4

. 4) 43 .( H.
0i . . 3S ( H R4 -,1) 44 0 H &I~ -H4) (

H4 -H4 4 P43 l to
1 ~ H44

5
0 V3 CH 0)

(d (4H 044 C 4 00 H H d 0 ADt-, 0d* 0t F.,H
> 4-' 30 4 H Hf H44 0 -P 40 64 - 4

8 ~ (d (4 -0 4.-I H 1.0 .~4 0) P) P) 4-i H

02 04 q4 4) a 0.1- 0 H .a C 4(4 0 0 0)0Z
041 * 00 0 4) 4 41-.1-)H (44,0 ;s:H SIV4 10 W ol

0.* 0 r. 03 qV4 0u 44 4' 4 P., 0 4 ( 1

(4t 4 i3 C 4) V3 4) 0( (4-4) 0 03 4- po
4- .H (4 Ctl 0.3 oq) 1 41 - 0332 *0

qV43i H H, C 4- 0-

;q4 (4 0 C h H H (4 1 -4V4 1 0 43V-ij 04-) V) (4
H '44) H- 4) 0c Q W0H 43 4)0t2 L.H§

0) 02 v4 V> 4 ) C 0 43 43 '-4 V43 14 0) -'4 Q 43 + 0
t, 04 945 OH 4I. SI 4404 3 V1-OJ

2
0 %-1 44) 0 4-.(40 0 0

P43 00 a (4 H HP 4) (444 U3 HOi ) -H H (d45 4~
to 00 43(4 (4 U3 (45p N E H . P SI0 4.)4H H.C 4 , 43 Cd fC

W3 04 H P0 0 r-4o Qj 0 a) C z 040 40 0 0 IZ'44 V3 0 vCWSIP0 >(4

0 HO 4 to M 4o4) j4.) t. C H () )0 VHCo C.H P. 0 * d (4H(4(Cd44
8 r V oM H - -1,- J3 (4 Co Wi f0S4

to~( (dO 4) 444(f4C 44-1
ca2to4) 4) 0204C' 5 40 CC X:4 CCo 43 .o 0 nit bWI

II Nd HIH. H Iq U4~- 0H4 fl 0( 0 . I

"H 'OH * 4$ 044(1 2 SI ) ( H O
4$ H 443- 04.) 0 P4 43 ' 4)0

"'440'I to4t 4 4 0 5ON).-s N 4)
43 QH H I C3
a.* . .0 4) 0 R-4 ~ ~

N 11 0 H cn
43 IIII 1111110 4)4(4

H 00

(4 C0 H4± H4w
SI E~t)OQH 00

4V)

LuJ

v4 :

4~ . 0.v

- H .g~ . - .4



0 0I

40 0m
4 ( ~ 0

4) 4)

) ~ 0 0 t4 &4

43I U 3 430)

45 0 o 0 4 0

.4 , 4 >4 4.> 43 to 0 )

2 ;4

j 0 4 4) 0423 4

43 to 0 0
N a. f44 0

0(2 f0

40
t~lilil ~ 44) U 4 Q.

4'..0bi x Al 4

CAiSN~ 4Hf-4)4.

U~C 4) 4);

C 0 4PIN

o - 4'~ ~ 4+)04



One note regarding output must be made; the prograin was also
operated on the mu.ltiple te~rminal remote-access ([DEMAND) system
in use at Lockheed-Georgia Company. This system possesses two

output modes; WRITE (6, XXX) causes output to be printed on-line;
WRITE (10, XXX) enables the output to be internally stored for later

offline display. The code NP is set to 6 or 10 according to the
sign allotted to the case number. The option~ may be easily changed
to suit the available output device codes.

A3.3 Input Data

This is defined at this point since use -nf the defined operating controls,
etc., simplifies the program de--riptions which follow. Table XXXIV
defines the various items with their locations in 6--. dato block and i*he
standard values built-in.

A3.4 Vscrpejion of Progiram

A listing of ech of the routines is given, with notes describing the purpose

of the apprpriate seto.The baic equations amgen O n Appendlx 1I.

If the plo t outlnaa ore unw~ited to $6e user's compvter system,~ sopup t
140 shc Id be ignoeed and the following cords removqd:

5 trauh .5, 65 through 67, )221 134 t~tvjh1.
299 through 309, 317 -tht'oug 32 1 335 through 338 350 throvh 054,

373 thiough 386# 403 through 410, 419 tKr-"b 4U, -427 through 437,
446 tirough 458, 471 through 477, 482 tlrough 493, 503 thrgh 544,

560, 1 thugh1il, '140 thsrovh 743, M5 *4Vugh 1&

W?~ through 767, 802 outgh 809, BQ. fhro"Gh 901, 985 through 9'92,
9940,rovoUgh M0, _.117 tNugh I03M, 1045 ;hrough 1058.

0) MA:N- PROGRAM
The firt~ 69 lines 0~ the porao cotvol the 0l10Catwof orof

th efinitionis o commnon and dat ote cs .euv.nc otsn
and.016or system controls.
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a) MAI N PROGRAM (Continued)

Lines 70 through 115 initialize the data. The standard values
ore those of Table A3-1.

Lines 116 through 132 read the case number for the first case of
the run and set the output device coue, NP. The "99 Continue"
statement is the return point for recycling and is followed by the

read statement for the case caption and the addition of I to the
previous case number.

Line 133 calls DECRD to input the case data, which is confined to
any changes from the previous case. When the first case data is

input, it consists of changes to the standard data (but must contain
one entry).

Lines 134 through 138 set buffers for the plot routines. Lines 139
through 142 set the output format control, IP, according to the
sign of the interval, DX. If DX is negative IP =0 and only the

summary items are output, the tables being omitted. If DX is
positive, IP 1! and the tables are included in the output (see

also line 207).

W't*, not usinq FORTRAN V, card 133 may be changed to

CALL DECI (U. rD

ood cot&i 518 and 652 i,.' DECRO should then bo changed as dascriibod in
Pame (b).
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a) MAIN PROGRAM (Continued)

Lines 144 through 169 only apply if the load spectrum ordinates
are input. The input values, TXI, are transferred into the load
spectrum array PXL until a value less than 0.1 E-19 is encountered;
the rest of the PXL array is zeroed. Values greater than unity are
set to unity (a probability of unity represents certainty and greater

values have no meaning).

Lines 170-171 ensure that all values of X below XMIN are associated
with a load spectrum probability of unity, so that XMIN can be set

at the highest X-value with this probability, and the input data
reduced in volume.

The case number and caption are written (lines 172 through 180),
followed by a print-out of the data (as set for the case), provided
that IP is not zero.

Lines 200 through 205 form the factored design load for the case,
and if this is less than the maximum value previously encountered in
the run, retains the previous value.
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a) MAIN PROGRAM (Continued)

Line 206 sets the maximum number of intervals allowed for the

case (if different from the standard value). If the input value,

RNB, is negative, the output control is reset at line 207 to IP = -1

and represents a command to print every line. If RNB is pos;'ive,

IP = +1 and the output table is truncated as described In PROBF.

Lines 208 through 232 form the number of calculation intervals. A

range from XMIN to twice DSNLD is assumed, with a bond edge

coinciding with UNFLD. The resulting number of bands is com-

pored with the permit-td number, NB, and if too large, is curtailed

at the upper rnd. The highest volue of X Is compared with the

highest test load to be used and the assumed riange increased if

necessry, up to the limit implied by NO,

Lines 233 through 239 initiolixe the meon stren9 th arrays, PSM
and PSM2, and sot the X values, enauring that 0 zero value fWo

X i s not ued.

If KML is I or 2, the food octrum is formed fhum the input

psopertles of a doubie-fomily descriptikI of the prob ilty that

X is the maximum lood encountoed. Apendix 1i devribs this

p.oce%4, which covers ines 242 hmnu 273.
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a) MAIN PROGRAM (Continued)

The s-.atoments of lines 276-285 represent te formation of the

basic strength distribution as defined by elements 15-20 of the
input data. If the fabrication variation is to be superimposed

(FVARA not "zero"), then STR s used for this purpose as in
lines 286-292. The basic strength distribution, PXS, is copied

into PSW and PSM2 which are then mr'-fied within STR. The

coefficient of variation of the resulting distribution, VARS, is
used in line 293 to define the intended mean strength by matching
the design load to a strength which is SALL standard deviations

below the mean. The intended strength distribution properties

are then printed at lines 295-298.

Data is set for the plot routine in lines 299-309. If the "no

errora probabilities of failure are to be printed (KS - ), the

heading is written at lines 315-316. The intetded distribution

of meon strengths, with no orror, c nta .n unity for the bond
corntoining the intended mean, but is xem- elsewhere, as given

by lines 322.331.

The intended strength distflbution is foarned by STi", followtd by
the ue of PROBfi to form ond wtite the failure pobabilities end
-eliobility. If IPLOT 1, 0 voues ore then plotted ot iNe 33.
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a) MAIN PROGRAM (Continuec,

Line 3^9 forms the error function option, KE. The heading is

written (line 347) and stored for plotting. At lines 355-356,

the input data PH and PPU2 are temporarily held in dummy

storage so that their meaning can be changed for the double-

family error function (KE 4).

DISCR is called at line 361; this modifies the distribution of

probable mean strength, PSM, by one of the four error function
routines. If the fourth is used, PFI and PPU2 are reset at lines

362-363. STR is called at line 368 to use he revised PSM array

for the formation of a new PXS arr;.-y, which is then employed in
the re-evaluation of the failure probabilities and reliability, using

PROBF (line 372). If IPLOT = I, the necessary data is transferred

to the plot routine buffers, at lines 374-386.

Line 3b7 sets the test option, KT, and line 394 sets the number of

tests, NT. When KT 1, this implies NT tests to each non-zero
test factor; when KT = 2 or 3, this implies NT tests, one to each

of the NT test factors input.

Lines 395-396 duplicate the cumulative probability of a given

strength in PRS2, to enable the original values to be retained
in PRS for later use.
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a) MAIN PROGRAM (Continued)

The operations on this page incorporate the effects of NT tests

surviving each of the input test load levels, defined by a test
factor applied to the unfactored load.

The headings are formed (and stored for the plot routine) in

lines 400 through 410. The counter, MT, is initialized as 1
and the first test factor tested for a "non-zero" value. Headings

are written (and stored) in lines 417 through 437, and TEST is

called to form the probability of surviving all subsequent tests.
BAYES is then used to update the mean strength distribution, PSM2,

this then being used to update the individual strength distribution,

PXS, by means of STR. PROBF is used to form the failure A stri-

bution and reliability and the values are stored in the plot routine
buffers (lines 445 through 457).

This process is repeated for the remaining tests to the first test level

(the loop from line 423 to line 459). MT is increased to 2 and th

whole process repeated by a return to line 412. When a "zero"
test factor is encountered, the case is ended by returning to line

129.
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a) MAIN PROGRAM (Concluded)

The final operations ore similar to those on the previous page, but

are for the remaining two test options. In both cases, NT tests are
made, one to each of the NT test factors. When KT =2, the tests

result in failure. at a load assumed to lie in the bond containi"ng the

value; for KT 3, the test sucvives the specified load.

The appropriate heading is written by line 463 or 468 and is stored
for plottnj in lines 471 through 477. The pre-test distIbia of
mean strength Is cepied into PSM2 which is then updated by BAYES

(line 497), and used to update the indvidual strength distribution
(STR is called at lioe 499); thee new values of PXS ore then used

in PROBE to to-evaluatG the failure distribution and reliability, which

ore stored in the plot buffer-, (lines& 5M3 through 514).

This iocp (lines 480 through 515) is repeated for each of the tests,
after which the proram returns coniro! to line 129 for the ntxt case.
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b) DECRD

This decimal read routine is similar in effect to the one used

(but oft listed) in reference 1. The description in reference I
remains applicable and is reprodtced here.

In the Decimal Read data input method, each card is divided
into six fields, each containing 12 columns. The first field is

reserved for the index which is the Data array location of the
data in the second field on the card, so that five fields are

available for data. However, it is not necessary to supply a
number in each field; if a fleld is blank, the program will retain
the variable unchanged from the value already storod in the DATA
array. The remaining four fields on each card represent the loca-
tion of variables which are in numerical sequence after the first

location.
~c) EVP

This routine forms the distribution properties of the load or strength,
using Gumbel equations for double-families. For the load spectrum,
maximum extremes (K - +l) are used, the tail extending towards
higher loads; for the strength spectrum, minimum extremes (K -1)

are used, the tail extending towards lower strengths.

Lines I through 10 allot storage, etc., and are followed by definition

of the Intercepts and slopes of the characteristic straight lines of the
Gumbel plots. The overall mean of the double fa;nily is formed at

line 30, and the summation terms ore initiolized in lines 31-34.

*When not using FORTRAN V, cards 518 and $52 should be changed to

SUBROUTINE DECRD (RKI)
550 STOP
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C) EVP (Concluded)
The basic loop comprises lines 35 through 85. For each band

of the variable, X, the cumulative probabilities ore formed at
the band edges for both of the families. The differences give
the population in the band as PHT (line 68), double precision

being employed to improve accuracy. First and second moments
are found assuming the band contents to lie at the band center.

For the load calculations, the resulting values are integrated to
give PXL, the probability of exceeding X; the integration is

actually formed by subtracting successive increments from an
initial value of unity.

For the strength calculations, the increments are stored in PXS
and the cumulative probabilities stored in PRS.

Finally, the mean (BART), standard deviation (ST) and coefficient
of variation (VAR) are formed, followed by the return statement at

line 89.

Lines 90 through 96 are provided to remove a possible anomaly when
family B is to be subtracted, If the cumulative probability reduces
in passing from one band to the next, a negative population is im-
plied for that band, which is physically absurd. The presence of
this irrational value is detected by a near zero increase in the trans-
formed probability, YT (line 59). When such a condition occurs,
BETAB is raised by five per cent and a new attempt made; this is
repeated until valid results are obtained.
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d) STR

This routine evaluates the resultant strength distribution, PXS,
and its cumulative probability, PRS, given a distribution of
mean strengths, PSM2, and a basic definition of the shape of
a distribution with a given mean.

Lines I through 7 define the basic storage, etc. and the
initial values of the wo'king arrays PXS2 and PRS2.

The loop of lines 8 through 30 takes each mean strength level
in turn and forms the distribution of that contribution to the
total, using EVP. The inner loo of lines 21 through 29 sums
the contributions of each sub-distribution.

The second phase, lines 32 through 57, permits the superimposition
of a second variation such as that due to fabricat ion, and reforms
the values of PXS2 and PRS2.

Th* reesinin lnes sum th totol cd the firt ond eond #mnts,

foam the overall mean (OART), %tondowi deviotion (ST) and coefficient
of variation (VART) and also copy the orkinqg arays ioto the conmo
uays PX) a*d PRS. befot# returning.
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PROBF

This routine calculates the incremental probability of failure (DELPF)

for each strength level and integrates to give the cumulative failure

risk, PF. The fCnol value of PF is subtracted from unity to fctm the

reliability. The routine is also used to print all relevant output values.

Dimensions, etc. ore specified in lines 1 through 20. If the output

code, IP, is not zero, the headir.g is printed (line 22). If IP is

negative, the stort control, JST, is set to one, otherwise it is set

to the lost interval hrving a load probability of unity (lines 26-32).

For the first interval (which will always have unity for load prob.

ablity) xhe cumulative strength probability is used to form the total

r.robabillty of failure ot this load; the values ore stored for plotting

on are wri -n at line 45.

The remoin'ng intervals are +en treated in turn in the loop (lines

4o'through 74). When IP is +*1 the insignificant lines ore not
printed; tise am chosen as those for which the increnental failure

probabilit - is 14$4 than |0' and for which the probability of a

lesser strenh xceed 0.999995. The lost line is alw js printod.,

The resultiant reliobility is set by line 73, lood lovels Ao, un-

factored load being jurod.
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e) PROBF (Concluded)

A ~The final lines print the total failure probability and reliability..
storing the values for plotting before returning.

f) BLKDAT

This subrouti.ie stores the titles used in the plot routine.
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Sd SUBPLT

This is used in conjunction with ti, System routines PLOT,

PLOTS, SCALE, CAXMS, SYMBOL and LINE, to plot the
appropriate output. Values are written on magnetic tape

for eventual prepuiration of hard-copy output.
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h) DISCR

This routine uses the appropriate error functions to modify the

mean strength distribution array, PSM. It contains four alter-
natives, detscribed in Appendix 11.

* Lines 1 through 7 set the storage, etc. onC the program then

splits four %ways.

* If KE is 1, the Bouton/Jabiecki funmction is formed and used to

define the probable PSM values, as impied by lines 9 through

23.

When ICE Is 2, the Freudenthol function is used in the some way
ji (lines 24 through 37).

For a KE of 3, o Gumbel function is used (lines 38 through 51),,

The fourth option differs in using o double-family distribution

whose means and coefficients of variation are input. Lines 52

1hrough 72 are simi lor to the corresponding parts of EVP md also

form a modified PSM array.
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hs) DISCR (Concluded)

The final lines ore common to allI four options and are a test

that virtually all of the distribution has been formed within the

permitted X-ronge.

i) TEST

This routine evaluates the chances of surviving each of the subse-
quent tests in a series. Lines 1-20 set the storage locotions and

write the heading.

For NT tests to each specified (non-zero) test factor, lines 22

through 50 locate the band containing the test load, XT and
extract the probability of strength less than this. The coaplement

gives the required chance which is self-multiplied for each test

in the series (line 33). Values are written and stored for the plot
routine before reti-ning at line 50.

136



79400 21 tothX STexo9is~
*1 a svmnsumopsmt) VtPfk)97,

760 IvluiA-*'4j 22'2,1 TPHU17

7do. 2q P MAI(IX#'-ANGE INWF~ICIENT TO COVER MEAN STAENGTM*. slpkoy7q

*0KISTOPmI stpHOaal

SQJmk0 TINE T Sl fK~~vPJN XiSOvNLs#'%XX fO STPRJIlyt
COMMON /COI4PLT/ XPLT(402tPLTT4Q)iYPLTd TUAP(j021~
I BUFPiH0GC.FI2&SI[32,F22sHL1NIPiLIN2P, TIUo

'I. M~t~,MIN9PEBUP~0)STPA09,3

E'UIVhENCE (E8U~lI)slbQF(I))sflni
7.OM F5O_2?110) ______TP140990

luo 0. t- M I(I ON Y______ I__ _ (I__oPR(_0)_X(20)STPRUV91

16 6000~ FJRM&T itIZ STPkiqV!
I?*_______ _____ 5IPkIUQO

124 S1PHL134

t'2*IIIRtI.~P Sip h I %,, V

4C~~ I' slkN

-124 I.Ii.LUI 44 sTII ip Io

Sb' tlPL~T *E U~t G T STPM Ikli

1 P z 1 1111 %.~ufi II l137l



i) TEST (Concluded)

Lines 51 through 78 perform a similar function for the alternative

options of one test to each of NT different test loads.

GEV

This function evaluates F = exp (-exp(-y)) for the Gumel dis-

tribution. Double precision is used, and four ranges of y are

separated. For y < -4.0, the probability of a lesser value
is negligible. For values between -4.0 and 14.0, the basic

function is computed. When y exceeds 30, the probability has
reached an effective limit of unity.

For values between 14 and 30, direct computation breaks down

since exp (-y) becomes insignificant. Expanding gives

-Y e4 " e-y- 4

e e 1-e - y+e - + e A
21 31

but since y is large, all but the first two terms tend to zero,

and the function can be replaced by I-exp(-y).
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k) BAYES

Subroutine BAYES uses Bayesion techniques to update the mean
strength distribution, PSM2, so as to incorporate the test results.

Lines 1 through 18 allocate storage, etc. and initialize values.

The basic loop (lines 19 through 45) first forms the constants of
the doulIe-fomily distribution of strength with mean at xd1).

Far survival tests (KT =1), the probability of a value greater
than XT is formed at lines 25-26 and 32-36. For failure tests

(KT -2), the. probability that the test load is in the interval
x + 1/2dx is formed by lines 28-36 and 38-41

Line 42 forms the numerator of the fraction on the right hand

side of eqjuations A2-48 or A2-50, the PUXT value Weng appro-

priote to the type of test. Lines 43 and 44 determiae the n~aximum
value of the numerators for all bands, and tine 45 sujms, the values
to set the denominator,

If the denominator is 'zero'. lines 47-50 set u diagnostic meciqe.
and, if the stirtotiori coosists, essentially of one terni, lines 51-56
print on arpropriote wurning. If a vald extpression exists. line
57-.59 fcwm tht posterior distribution of mewn siteon~th as PSM2.
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A3.5 User's Guide

a) Deck Set-up
The first two cards required are:

@ RUN Card containing run identification

4,- LOG Card giving accounting information
where the symbol V represents the multiple 7-8 punch in

colunu 1.

The FORTRAN cards for the source decks of the omin program

STRP and the ten skroutines (DECRD, EVP, STR, PROBF,
BLKDAT, SUBPLT, DISCR, TEST, GEV and 'AYES) follow.

each being preceded by on input and compile cord of the form.
. - FOR, IS ,STRP, .STRP

After th, lkmt routine, a card is ;nserted bearing

ad, if plots wre to be genesated, this is preceded by
•P ASG, - 4., T, itel no.

b) Data Input

The ferat has been &soctil Win potogop6~ A3.446), ando

-- ,Ip input %at is OWMn Toble XXXV, The first cad con-
tains the cowe number of the fifst ease to the ruft; this is richt,

justified to Column 5; if oWtput.device 10 Is to be used, the
cor numbs is nwotive,..

The next cord beats the caption for the first coie (up to 7.
columns, 12A6 m-, t bekoo used). This cord mut be pieset.
The rimining. cow cods ber input data which diffest fom
the standrd built-in-_ vlues. fLoh cord catries up 1o fliv values
the location of the ftit is right-odjqred to column 12 and the
01i., locaton ore implied 0 coaculive. he rilhmeitic values

-e E12 fonvt dotimal values m lIe anywhere in the I&'-
column field, but integers and intge i exponens nnt be right

odjutted to columns 24. 36, 48, 60 or 72. tl -Io data cotd for
t6e case mast have a minuts sign (- in column 14
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r"

A similar set of data follows for the second case (the caption,

followed by any data changes, the last card having a mirus sign

fin colunn 1).

Note that one datm card must exist, so that when running the

"standard ase", at least one of the built-in values must be

repeated in the input.

Referring to Table XXXV, card 3 represents data input for loca-

tions 5, 6, 7, 8, 9. Since RKML (location 5) is the only value

to be changed from the built-in data, only the first data fi.eld

is used. the others remaining blonk. The next data item is SBARA

in location 16 and cannot be entered on the some card, so a new

set of five items is inserted on the next card.

Considerable flexibility exists for entering input data on the same

or separate data cards. For instance, RKE started with the built-in

value of 4.0, was changed to 1.0 by card 19, changed back to

4.0 by card 23 and finally changed back to 1.0 by card 29.
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APPENDIX IV

EXAMPLES OF USE OF PROGRAM

A4.1 Summary

Two groups of examples are given in this Appendix, to illustrate the input

and output options available. The first group uses the standard data and

the second group uses realistic C-141 gust load data with realistic strength

data. One of the cases in this second group was arranged to have con-

parable data to that required by the original program of reference 1, and
the corresponding case was run using that program.

A4.2 Standard Data

The input data is shown in Table XXXVI .Three cases were run to illustrate
the output options. Case i makes no changes to the built-in data (element

I is repeated to provide DECRD with input); the output tables commence at

line 13, the highest value of X with PXL of 1.0, an-( ends at the line where

PRS reaches 1 .0. The last line is also printed.

Case 2 colls for every line to be printed by a negative value for RNB

(elemeni 4); plotted output is requested by 1.0 at location 140. The
third case restores element 140 to zero (no plots), but inputs DX as nega-
tive to call for the short output with the data and tables omitted.

The otrput appears in Tables XXXVII through XXXIX and the plots of

case 2 are given in Figure 99.

A4.3 C-141 Examples

The input data is that of Tabk' XXXV. Eight cases were run in sequence,
the first four having three tests surviving 1.5 times the unfactored load

and the last four having three test failures at that load. The error furction
for cases 1-3 and 5-7 was a double-family distribution, the means, co-

efficients of variation and contributions of the two families being varied.

Cases 4 and 8 empiy the standard Jablecki function of reference 1.

The output of cases 1, 4 and 8 is -liven in Tables XL, XLI and XLII.
The plotted outputs of cases 1 and 4 are shown in Figure 100 and 101.

Table XLIII summarizes the output of all eight cases, together with the

output from two runs of the original program. These used a Weibull strength
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distribution (skewed towards lower strength), but whereas case 9 used a
Weibull load distribution (skewed towards lower loads), case 10 used
a log-normal load distribution (skewed towards higher loads) as being

more representative of the data used for Case 4.

Examination of the values shows that in spite of the differences in data,

in error functions and in the two programs, relatively little differences
exist in the reliabilities "demonstrated' by the test results.
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TABLE XXXVI

INPUT DATA FOR STANDARD CASES

CARD COL UMN 1 2 37
NO. 1254I56789Q123456789012L5679012I4.5C . 0121

2 STANDARD DA"ITA NORMAL 0t TRUT
3 - 10 .
L4 STANDARD D/A1TA FULL. OUTWUT
5 140 1.0
6 -- 100.0)
7 STANDARD DATA SHORT OUlIPUT
8 140 0.0
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CASE Np. I STANDARD Ufl'A !U(. OuTPUT
INTENGOJJ) FAILURE PROB.. NO DISCR~EPANCY, NO I(tU

8ASIC NERIN4 sRNTCi 5,

o

0 c

040 80 120 160 200 240 2h 82

X

16



CASE NO. I STANDARD DATA FULL OUTPUI
PR[[IC fCU FAILURE PROB[. WI TH PROII. DIS.CREPANCY, NO ItST

RMVISED MEAN STRENGTH i?,500

- I
149

C){ 1
0 40 80 120 160 ?00 240 280 3?0

x

ASYMPT01IC RI.L. IN(IIX .99 99b 4

- U

C,

*40 80 120 16U. ;001 24J 780 32C

x
FIGURE 99 (CONTINUED) (b) With probable discrepancy, no test
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CASE NU. I STANDARD OATA FULL OUTPUT
UPDATED FAILURE PRO8. AFTER I TESTS TO PASS SAME toiiU
TEST NO- I TEST FACTOR 1.500 TEST LOAJ !.0o.000

RCVISEO MEAN STRENGTH 15652
VAR .058

PRO8. OF SURVIVING NEXT TNSTS

TEST LOAO PRO.

1 150.000 .544

0

0 40 80 120 160 200 240 280 320

x

ASYMPTOTIC REL. INDEX .,9999;89

U CD

(L.

finI 40 80 120 ;60 ;00 243 ?l80 320

FIGURE 99 (CONCLUDED) (c) After one test
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CASE NO. I P50 GUST LOADS
INI(NUOC FAILURE PRO$.. Na DISCREPANCY, N' TEST

INEUOSTRENGTni 1 76.467
BASIC MEAN $IAENGTH * 9.6

GOII
Fiot;ir1, ALaA PLtSWC-i4EXMLI p!flna oobi



CASE NO. I PS0 GvSl LOADS
PREDICTED fMILURE PH013. dilin PWOU3. 015CHilhAfi~cy NU It~I

VAN I .OiiI

P..

144

ItI

FIUE10,(OTNE) C6 ~lptbb,/ 1$ notn



CASE NO. I PSO OUST LORDS

UPDAIED FAILURE PROD. ,lVfR 3 HSIS TO I'fSS SflMI L3I11
IES1 NO, I TES FACTOR 1,500 1151 LOGO !.O.ooo

REVISEU MEAN 511 CNG11 IGS0.o
.070

PROD-. 01 bUIVIVING Ill 11515
TEST L 0t;10 PRIJ|

1 15O000 .77-+ e., ! RbOUOUJ .

15000 .4.

AG.. tto0 0 .c 1 C

ot I I " .ilb

" . -

FNo

,- -

/ /7
FIGUR E 1O,0 (CONTINUED) (e) Aftar ore test



CASE NO. I PSD GUST LOADS
UPDATED FAILURE PROB. AFTER 3 TESTS TO PASS SATWE LORD
TEST NO. 2 TEST FACTOR 1.500 TEST LOAD 150.000

REVISED MEAN STRENGTH 16b.881
VARR .069

PRO B. OF SURVIVING NIXT IL515

TEST LORD PROB.

2 =-0000 .6b1

-°1 .00W00

J ,

.i

40 80 120 160 200 240 280 320 360

x

ASYMPTOTIC REL. INOEX .9999985

I* -

80 120 180 200 240 200 3203,
x

FIGURE 100 (CONTIN U?)) (d) After two tests
1 s2



CASE NO. I PSG OUST LOADS
UPD TED FAILURE PROB. AFTER 3 TESTS TO Pn55 SAME LOAD
IESI NO. I TEST FACTOR 1.500 15! LOAD 1!O.0

REVISED MEAN 5TRENGTH 165.0b7
VAR .070

PROB. Of SURVIVING NEXT TISi

TEST LORD PROH.

1 500 .O.17

2 lba.OO .59t- 4

3 15.0-00.b

40 ,11 120 160 200 240 2B0 3?0 360

xx

CLL

40 120 160 ?00 240 280 M2 6

x

!,uC,

FIGURE 100 (CONTINUED) (c) After one test
181



CASE NO. I PS GUST LORO
UPORTED FAILURE PROB. AFTER 3 ES1T5 T0 PASS 5FMI LOR)
TEST NO, 3 TEST FACTOR 1.500 TST LOAD bO.000

REVISED MEAN STRENGIH - 166.474
VAR .068

PROD. Of SURVPI1NO NixI 11STS

TE51 LORD PRO -

* "

CD

L4-

;r

40 80 120 160 200 240 ?80 320 360

x

-183

* .1

80 120 16 0 200 24 0 280 320 :

FIGURE 10O (CONCLUDED) (e) After three tests
'i . i.! t 18 3



CASE NO. 4 PS OUST LOADS
PREDICTED FAILURE PROB. ITH PROB. DISCREPA4NCY. NO 11 5T

REVISED MEAN STRENGTH 144.79

VAR * .219

to

L.

40 80 170 IGO 200 -4 0 26O 3??) 3 0{

?"2SYMPT.011C REL- INDEX ,968WO4b

a-

t , ,, .0 120 10 2.0 40 ..0....

FIGURE 101 CALCOMP PLOTS OF C-141 EXAMPLE 4 (a) With probable disarepancy, no test
184



CASE NO. 4 PSO GUST LOADS
UPDATED FAILURE PROS. AFTER 3 TESTS TO PASS SAME LORD
TFSr NO. I TEST FACTOR 1.600 TEST LORD 150.000

REVISED MEAN STRENGTH 169 .716
VAR .079

PROB. OF SURVIVING NEXT TESTS

TEST LOAD PROS.

1 150.000 .479

2 150.0DO0 .79

3 150.000 .1.10

f; B I "

40 D 8020 160 200 ;40 280 320 36C

F x

I1n

FIGURE 101o (COTNUD ,oo Ale o test



CASE NO. 4 PSD GUST LOADS
UPDATED FAILURE PROB. AFTER 3 IE515 TO PASS BAK'[ LOWf
TEST NO. 2 TEST FACTOR 1.500 TEST LUAD 150.000

REVISLO ME.AN STRENO1 170,99?
VAR 4016

PRO3. Uf SURVIVING NXT It15

T,51 LOAD PROl

2 150.000 .891

15U .000 .794

,C3

C?:. LII

CL

40 10 160 ;D00 '40 260 3P.0 160

. --..:

.IP O I ,, I D a. GSa9969

':,:' i 601 ?0 160 ;00 240 ld'03O

Ci-v--*---..-.T
i 0120 0 200 240 2@1t'il !"

FIGURE 101 (CONTINUED) (c) After twotesit- 't
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CASE NO.. 4 PS0 OUST LOADS
UPDATED FAILURE PROB. Al 1tR 3 1TST to PASS SAM~ 10111
TEST NO. *3 TEST FACT0R 1.600 TEST LOAD I ba.000

REV1SEU MECAN STRENG0TH 77

PROBi. Of SUNVIVINU NFXI TISTS

TEST L ORD I'HOB.

5. 150-000 .91?
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APPENDIX V

LOAD AND STRENGT H DATA

A5. I Introduction

This Appendix gives examples of the types of data available for the
derivation of loads and strength distributions, and the way in which
suitable simple statistical equations can be fitted to such data collec-

tions. The double-family techniques of Appendix I have been used
for the examples, with the specific equation of the Gumbel distribution

(the first asymptotic theory of extremes).

For the load distributions, the distribution of maximum values has been
chosen as giving better representation of the most significant region - the
high load end of the distribution. In the case of the strength dcta, the
most significant area is that of low strength and the distribution of minimum
values has been selected. The logic of this choice is obvious: failure is

most likely to be the result of a high load or a low strength; the exact

representation of the low loads and high strengths will not contribute to
a better assessment of the reliability.

Irrespective of any formal mathematical arguments, It is essentinl that the
equations used do provide a "reasonable" fit to the data. ,ssumptions of

particular distributions without convincing evidence of tti-ir validity con
only lead to repetition of Disraelis famous criticism.*

A5.2 Load Data

a. Gust and maneuver load distributions for the C-141A have been

described in Section X. Data for landing impact, taxi, take-
off and landing run-out are described in this Appendix. All four

load conditions hove been used for main landing gear loads, and
the three ground conditions have been used to derive wing root

bending moments.

"There are three kinds of lies: lies, damned lies and statistics. °
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b. Landing Impact

Sink rate data from 5345 Ground Loads Survey landings have
been assembled and fitted by a double-family Gumbel distri-
bution as shown in Figure 102.

These results have then been combined with fuel and cargo
data from the usage analysis to determine the vertical and
drag loads on the main ianding gear, the resulting distributions
being presented in Figure 103. The design lifetime of 12000
landings is used as the return period. The original basic design
case for the gear was a 10 ft/sec landing at design landing weight
(257,100 lb.). This limit load and the design ultimate (1.5 times
limit) load are shown for comparison with limit and omega con-
ditions defined at the suggested probabilities of 100 and 10- per
lifetime.

It can be seen that the original design limit and ultimate conditions
hcve observed probabilities of approximately 10- 3 and 10- 6 per Iife-
time, so that the present design limit condition approximates the

suggested omega (overload) condition, and the present ultimate con-
dition exceeds the omega condition by 50 per cent.

c. Taxi, Takeoff and Runout

An arbitrary 2.0g static taxi requirement provided the design dowr-
bending case for the C-141 inner wing and landing gear vertical
load. Power spectral analyses were conducted to asess the probability
of such a condition, using the methods of reference 16. Four oypes
of surfac,, were assumed, ranging from "prepored-smooth" to "unpre-
pared-rough". A 20 knot taxi spend was assumed; the takeoff and
runout velocities were varied with weight, and the takeoff analysis
included appropriate lift.

The usage data were then employed to solve for the wing and gear Ioad
spectro, using the following exceedence equations:

Taxi:

4

N(y) No *TW e P A5.1
RWR IW

i1 9i
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Take-off and run-out:
4 4 i

Sv T "RW p A5.2

v=1  RWRW=I
Where: N(y) = peak spectrum for a particular data block

(fuel-cargo combination)
N characteristic frequency of aircraft response

for a given data blbck and velocity
T = total time in a particular dot', block

PRW fractional time for each of the four runway
roughness level,

-PV fractional time for a particular data block/
velocity combination

y total peak load

: 1 .Og stotic load for a porticolar data block

Y'v Irot eao load for a particular data block...... . and velcLv ty

S "eRW .rm.s4 icriementol fod response variablt
for a given data blocks velocity end runway

ruhe;lovet.

Figutres 10 and 10 show-ho roeitant wing downbendirng wpt#"

and the cauk seat vertical toud 4YeotnJon, rw vd.toads Carve-
sponding to tke: suggested limit and w~ego levels re indicaterd. thze
fonr being les th wo-thr o the original 2.0 stolic tai loads

while the lohtr are le thn tli.qurters of th e deign Oods.

It is also sen ibot the origiqal de ign limit load hast o %robtbility
of *,,'edonce of less I.ho 10 per 12000 landing tinto, tug
gesting that the 2.Og Static toi cf-w Is vaty c ,convative cwopted

with probabilistic taxi, wke-off at lending itu-out loaes.

if spectol det4ity analyses ore used to -rive design co6ditlons, cdre
twust be taoken to enwure that the basic paramets 4S repesent all

possible sorc-es of loding, includng sch events as towing over
doswed uiaces, etc.
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A5.3 Material Strength

a. Four typical sets of test reults have been extracted and subjected
to analysis to derive equations for double-family Gumbel distri-

butions.

b. Aluminum Alloy 7079-T6

Figure 106 (a) shows the frequency distribution of the 183
observations, with the corresponding probabilities of a lower

value in Figure 106(b), using the transformed parameter, Y,
to obtain a plot on the Gumbel paper scale. The fitted single-

family distribution is represented by the straight line on this
latter figure, and is also shown on the frequency distribution
figure.

The double-family distribution, shown on both figures, was
derived from the Lockheed-Georgia Company progrom EVDIS
and shows better correlation in the significant region of the

low-strength tail. An even better fit could easily be obtained

by some further adjustment of the weaker family.

c. 300 VAR Steel, 280 KSI
Figures 107 show similar improvements over the use of a single

family distribution. The fitted double family has the smaller
sub..family at the high strength end.

d. Titanium Sheet at 80°F

Figures 108 contain corresponding functions for this material.

e. Boron composite specimens in longitudinal flexure
A group of 68 test results, from specimens fabricated over a period

of almost one year, was assembled and analyzed in order to compare the

characteristics with those of typical metallic materials. Figure 109(a)

shows the fitted normal distri,ution; this is an excellent fit in the
vicinity of the mode, but misses the three lowest values completely,

as shz:':n in the lower figure. Figure 109(b) illustrates the better fit
obtained with a (skewed) Gumbel distribution of minima. Two types

of double-family distribution were then tried; two families added, ns
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shown in figure 109(c), results in no improvement; with family
B subtracted from Family A, however, as illustrated by figure
109(d) , a better fit is obtained.

g. Table XLIV summarizes the results of the study of material strength
dota. The 99 per cent exceedence values (ignoring the confidence

level) are shown for comparison purposes. In the case of the boron
composite, whose skewness is the most pronounced, it can be seen
that the assumption of normality could lead to a design value which

is significantly greater than that derived from a skewed distriution.

A5.4 Joint Strength Data

a. A series of test data sets was examined as a possible approach to the
selection of a fabrication variation. In many instances, groups of

riveted joint specimens will be made from material oF a single batch,
so that relatively little material strength scatter could be anticipated.

b. ADS rivet, t 0.05 inches
A set of twer+y test results on riveted joints using AD5 rivets in 0.05
inch 7075-T6 sheet was analyzed with the results shown in Figure 110.

c. D6 rivet, t = .09 inches
A second group of ten riveted joint result* was also analyzed, figure

111 showing the ability of the double-family method to represent
distributions of a distinctly bi-modal character; the number of d-to
pQints is too small for definitive results.

d. Taper-lok fasteners
A series of groups of tests was examined, the results in each group
(generally of ten specimens) being expressed as a fraction of the

group mean. The results, In figure 112 , clearly show the unusual
2 distribution and the way in which the tail Is reproduced by a double-

family distribution with the second family subtractec rm the first.

at e Lockbolts
Figures 113 awd 114 give the results of analyses of two groups
of Lock-bolt joint tests; each containing ten specimens only. While
inconclusive as definitive values, the use of the two types of double-

family distribution is demonstrated.
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A55 Conclusions

.a. The inaccuracies which can result from the assumiption that a 4d*to
sample has any particular distribution shwwei must bt rviphasize$;
selection! of a dlstrtbution must be bced or examination of the
data to be rspresented.

'The impoonce of reptesenting the toils of the dktrtbutions (upper.
enA for k-zds, lower end for strength) tieeds special core in the
predict Nicn of failure riskso dnice it is thes, toils which *oe most

1, Teroloti ttn, tha't the equotov, ore simply a "icoans of enpressing

the 6horateristics 4 temortoht ports of observed disttiu'los in
a c~wnint olge4roi fashion (whether th'a euationis are normal,

j og-flOnno4 We ijllI G umbeir &#f-l W io ocnequsc)
vdl o void the Ch Ovqc made by Aridrew'U .on t4e --hzn v& use

sttftstacs as"Oa drukenk~ Ykan. uP02'. ioyppszflts ot, not 0
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